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I dentifying active deforming regions is necessary for developing an understanding of theprocesses occurring in the Solid Earth and steering resources to mitigate hazards. CentralAmerica is a region of active tectonics caused by the relative motions between the Caribbean,
Cocos and the North American plates and the Panama Microplate. This region is occupied by
developing countries that can benefit from satellite technology that can reduce the high costs of
equipment and maintenance.
Based on a review of the seismogenic zones, key scientific questions that can be solved using
InSAR were recognised. These are related to the Central American Forearc Sliver inner boundary
and geothermal fields activity. Combining seismic information from the Costa Rican Seismic
Network and satellite data from ALOS-2 and Sentinel 1, I used satellite radar interferometry
(InSAR) to analyse deformation on the inner boundary of the Guanacaste Volcanic Arc Sliver,
subduction earthquakes and deformation linked to the extraction activity on the Dr Alfredo
Mainieri Protti geothermal field. ALOS-2 data was key to characterising the spatial pattern of
deformation, and Sentinel 1 data was used to analyse the time series of deformation.
I conducted a systematic study of all shallow (<20 km) earthquakes greater than Mw 5.0 that
occurred in Costa Rica from 2016 to 2019. Co-seismic interferograms using ALOS-2 were used to
analyse the slip distribution of a Mw 5.4 earthquake that occurred in Bijagua in July 2016. This
earthquake was caused by ∼ 33 cm of right lateral slip on the Caño Negro fault, and triggered
aseismic slip of ∼ 35 cm on the nearby Upala fault. Sentinel 1 interferograms show that two
subduction interface earthquakes generated surface deformation on the coast lines of ∼ 2 cm at
Jacó in November 2017 and of ∼ 3 cm at Golfito in August 2018.
Analysis of the surface deformation at the Dr Alfredo Mainieri Protti geothermal field showed
alternating periods of subsidence and uplift of ∼ 3 cm each, over intervals of approximately 120
days. There is a strong relation between the extraction rates of the geothermal power plant and
the magnitude and direction of the deformation over the geothermal field. There is also a spatial
relation between the recorded seismicity and the location of the border of the deformation pattern
and with the injection wells.
Throughout this research, it is clear that the geodetic results are complementary to the
more commonly obtained seismic data. Satellite based analysis of the deformation patterns has
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Central America is a region of developing countries that experience many types of ground
deformation including: landslides, earthquakes and volcanic activity. The application of InSAR
in the region could help identify the areas of active deformation and initiate a baseline record
of ground motion. National monitoring currently relies on real-time seismic networks, and
there is no systematic geodetic monitoring, with the exception of a GPS network in Costa Rica.
The application of satellite-based techniques to monitor the region could provide deformation
monitoring with a high spatial resolution (30) m and bi-weekly temporal resolution. This method
is complementary to the current monitoring methods and can help decrease costs by helping
“decision makers” choose where to designate efforts and reduce the costs in equipment, installation
and maintenance. The main aim of this thesis is to asses the possibility of applying radar
interferometry (InSAR) to monitor the region by first studying the likely sources of ground
deformation and testing the limits of the technique. In this introduction, I first introduce the
tectonics of the Central American region, then the InSAR methods and finally the thesis structure.
1.2 Central American Tectonics
1.2.1 Tectonic setting
1.2.1.1 Kinematics
Central America is a tectonically active region that includes the boundaries between three major
tectonic plates and two microplates or tectonic blocks. The Cocos Plate is obliquely subducting
beneath the Caribbean Plate along the Middle American Trench (MAT) with a velocity of ∼ 88
1
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mm/yr, to 023° ±3° with respect to the Caribbean plate (i.e. Hey, 1977; Dixon et al., 1998;
Barckhausen et al., 2001; DeMets, 2001; Norabuena et al., 2004; Guzmán-Speziale and Martín
Gómez-González, 2006). The North American plate boundary with the Caribbean plate crosses
Guatemala from East to West. The boundary has several left lateral transform faults called the
Polochic-Motagua fault system at Lat. 15.5° N (i.e. Gordon and Muehlberger, 1994; Dixon et al.,
1998) (Figure 1.1 A).
The Central American Silver is a tectonic block located between the MAT and the Central
American Volcanic Arc (CAVA). The motion of the sliver with respect to the Caribbean Plate is
11.3 ±1 mm/yr, to 16.5 ±1.1 mm/yr at Lat. 10.5° N Lon. 85.0° W, from Northern Costa Rica to
Guatemala (Kobayashi et al., 2014) (Figure 1.1 - A).
The boundaries of the Panama Microplate with the Caribbean Plate are two deformation
belts, one is a strike slip fault system across central Costa Rica and the other is a reverse fault
system on the Caribbean side of the tectonic block. The relative velocity at Lat. 15.8° N, and Lon.
90° W is 18.7 mm/yr to 253° (i.e. Kreemer et al., 2014). The Panama Microplate motion, respect
to the Caribbean plate at Lat. 9.4° N Lon. 82.9° W has a velocity of 7.2 ±4.1 mm/yr, to 7.8 ±4.8
mm/yr from Southern Costa Rica to eastern Panama; with a direction of 039.4° ±25.5 (Kobayashi
et al., 2014).
1.2.2 Influence of the subducting plate
In this area, the seismogenic zones are strongly influenced by the bathymetry of the Cocos
Plate seafloor that subducts under the Caribbean Plate. The Cocos Plate has different seafloor
characteristics as it has different ages, buoyancy and topographic relief (up to ∼ 2 km high). The
coupling varies along the plate interface, specially in areas around seamounts. Seamounts act as
asperities in the interface, and while some areas of the slab subduct, the asperities are locked or
coupled to the overriding plate. These strongly coupled areas accumulate stress, influence the
deformation in the upper crust, and coincide with the source location of major earthquakes (i.e.
Dominguez et al., 1998; Barckhausen et al., 2001; Gardner et al., 2001; Gräfe et al., 2002; Lewis
et al., 2008; LaFemina et al., 2009; Feng et al., 2012; Arroyo et al., 2014; Kobayashi et al., 2014).
The northern segment of the Cocos Plate (North from the white dashed line at Lat. 10° N in
Figure 1.1) was formed at the East Pacific Rise (EPR), ∼ 23 to 25 Ma ago. The bathymetry of this
segment is relatively smooth (Barckhausen et al., 2001). In contrast, the southern Cocos Plate
segment (South from the white dashed line in Figure 1.1 at Lat. 10° N to 8° N) was formed at
the Cocos Nazca Spreading Centre (CNS) from ∼ 20 to 21 Ma ago, and has 40% more seamounts
than the EPR segment. The CNS segment includes the Cocos Ridge seamount cordillera, which
has a maximum relief of ∼ 2 km and ∼ 20 km thick oceanic crust (Walther et al., 2000; LaFemina
et al., 2009). The age and composition of the Cocos Ridge is consistent with the formation at
the Galapagos hotspot. The ridge began subducting in the MAT in the late Neogene period
(about 5 Ma) and extinguished the arc volcanism in southern Costa Rica (Drummond et al., 1995;
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Figure 1.1: Central American Tectonic setting.A- Plate boundaries in Central America between
Caribbean (CA), North America (NA), Cocos (CO), Central American Sliver (CAS)/Forearc Sliver
(FS), and Panama Microplate (PM). Blue stars are earthquakes Mw>7 from 1990 to 2018. Earth-
quake locations where obtained from the Central American Seismicity Catalogue (CASC) and the
plate motion velocity vectors from Kreemer et al. (2014). B- Subducting slab dip colour contours
every 5° dip (Hayes et al., 2012), EPR: East Pacific Rise smooth seafloor segment of the Cocos
Plate, and CNS: Cocos-Nazca Spreading centre rough seafloor segment separated by the dashed
white line. Black triangles with circles on top are Holocene volcanoes, and volcanic gap between
Turrialba and Barú volcanoes marked with red arrows. The global relief in A and B is from
Amante (2009).CCRDB: Central Costa Rican Deformed Belt, NPDB: Northern Panama Deformed
Belt, PFZ: Panama Fracture Zone, ND: Nicaragua Depression Zone. C- Main plate boundaries.
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Meschede et al., 1999; Gräfe et al., 2002). Rapid uplift and horizontal shortening have occurred
within the overriding plate since then, and erosion has exposed intrusive rocks at the surface
(Marshall et al., 2000).
As the thickened crust from the CNS is younger and more buoyant, the subducting angle
is ∼ 15° less than the EPR subducting segment. A steeper slab reaches greater depths and
temperatures, at smaller distances from the trench. When the slab reaches a depth between ∼ 40
to 100 km and a temperature between 600° C to 1000° C, the slab dehydrates and causes partial
melting of the mantle wedge, forming a volcanic arc. There is no Holocene active volcanic arc over
the CNS subducting segment and this is attributed to the shallow dip (<40°) of the subducting
plate and to the subduction of the Cocos Ridge (Figure 1.1 B).
In summary, the ERP segment is smoother, older, and has a dip of 0° to 60°. In contrast, the
CNS segment is younger, has rough bathymetry, a dip between 0° to 40°, (Hayes et al., 2012)
(Figure 1.1-B). These characteristics influence in the position of the volcanic arc and stress
direction that causes deformation within the overriding plate.
1.3 InSAR
Synthetic aperture radar (SAR) is the imaging of the Earth’s surface by transmitting and receiving
a series of microwave electromagnetic pulses from an antenna (Simons and Rosen, 2007). The
measurements are taken in two dimensions, along-track (azimuth) and cross-track directions
(range) (Figure 1.2). Each pixel in a SAR image has a complex value with the amplitude and
phase obtained from the back-scattered microwave. The amplitude of the recorded signal is a
measure of the scatterer properties (target reflectivity) that is proportional to the roughness
of the surface and the surface slope (e.g., Goldstein and Werner, 1998; Bürgmann et al., 2000;
Ferretti et al., 2007) and dielectric constant (soil moisture).
Interferometry of Synthetic Aperture Radar (InSAR) is a method that utilises multiple radar
images of a region to measure topography and/or changes between acquisitions (e.g., Massonnet
and Feigl, 1998; Goldstein and Werner, 1998; Rosen et al., 2000; Simons and Rosen, 2007). The
SAR interferogram is generated by cross-multiplying the complex conjugate (amplitude and
phase) of each pixel on a first image (master) with the second image (slave). The interferogram
amplitude is the product of the amplitude of the two SAR images, and the interferometric phase
is the phase difference between the images (Massonnet and Feigl, 1998; Rosen et al., 2000;
Bürgmann et al., 2000). The SAR images used to generate an interferogram can be taken from
two satellites simultaneously (“cross track interferometry or single pass”) (e.g. TanDEM-X) or by
the same satellite on a repeat orbital pass (“repeat-track”) (e.g., ALOS2 and Sentinel 1) (Figure
1.2).
The phase change comprises five types of components.
(1.1) ∆φobs =∆φdisplacement +∆φgeometry +∆φtopography +∆φnoise +∆φatmosphere
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Figure 1.2: Repeat pass satellite geometry. Image modified from Ferretti et al. (2007).
1) the ground deformation (∆φdisplacement), 2) difference in viewing geometry (∆φgeometry), 3)
topographic effects (∆φtopography), 4) temporal and thermal noise (∆φnoise), 5) different atmo-
spheric conditions between the acquisitions (∆φatmosphere).






where λ is the radar wavelength (Rosen et al., 2000).
The geometric differences (∆φgeometry) between SAR images is caused by differences in the
satellite position. There are components caused by altitude differences between the satellite
passes, and variations proportional to the slant range differences. The distance between the
different positions of the antenna at each acquisition is called the baseline (Figure 1.3) and the
projection perpendicular to the line of sight is called the perpendicular baseline.
(1.3) B⊥ = Bcos(θ−α)
where B is the baseline, θ is the look angle of satellite and α is the angle the baseline makes with
respect to an horizontal plane (Simons and Rosen, 2007). When the perpendicular baseline is





where R is distance to the target and h is the altitude (Ferretti et al., 2007).
The expected phase contribution calculated from a flat earth is subtracted, assuming a surface
of constant elevation, using the radius of the Earth and a slant range to the reference surface
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Figure 1.3: Surface displacement that creates a phase change and observed from a slightly
different repeat-pass perspective, image modified from Ferretti et al. (2007).
(Simons and Rosen, 2007). Then the topographic phase contribution (∆φtopography) estimated
from a Digital Elevation Model of the observed terrain is subtracted (e.g., Bürgmann et al., 2000;
Froger et al., 2001).
Atmosphere delays (∆φatmosphere) are caused by influenced the ionosphere and the tropo-
sphere. These delay are random over time, and are only observed in the interferograms generated
with repeat-pass acquisitions. The tropospheric delay can be determined from the change of the









where θ is the angle of incidence, h is the height, and htop the troposphere total height, and Nhydr
and Nwet are the refraction of the hydrostatic and wet contributions (Milczarek et al., 2019).
These last two factors are determined by the spatial distribution of the temperature, pressure
and air humidity (Milczarek et al., 2019).
The ionospheric delay is caused by ionised free electrons. The ionosphere acts as a dispersion
medium for microwave signals, and the influence depends on the number of free electrons. Gas
particles in the ionosphere are ionised by the solar radiation, and the radiation will depend on
the geographical location, time of the day, season and solar activity (Milczarek et al., 2019). The
value of the delay will be proportional to the wavelength (Milczarek et al., 2019).
There are two components of noise (∆φnoise). Thermal noise is a small contribution that is
introduced as the radar antennas temperature varies over time. The second component is the
temporal noise that is caused by changes in the back-scatterer, which are caused by for example
vegetation growth and active movement (Goldstein and Werner, 1998; Bürgmann et al., 2000).
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where r is the complex SAR reflectivity at the antenna (position 1 and 2), and the 〈〉 denote
averaging over the element cell (e.g., Ferretti et al., 2007). The coherence magnitude is given in a
range between 0 and 1 where near to 1 is highly correlated and usually corresponds to man-made
structures or bare areas, and low values of correlation are associated with unstable surfaces such
as vegetation. The coherence is affected by the noise, difference in geometry, vertical length of
scatterers (i.e. vegetation), and the scatterer variations in time (Ferretti et al., 2007).
In summary, to obtain the change in the position of a scatterer (displacement) it is necessary
to know: the antenna location (orbit, distance to the target), the baseline, the orientation angle,
the noise terms, atmospheric delays and the topographic interferometric phase (Simons and
Rosen, 2007).
1.3.1 Data processing
In this thesis, I used SAR images from two repeat-track satellites, the Sentinel 1 satellite from
the European Space Agency (ESA) and the “Advanced land observing satellite” ALOS-2 satellite
operated by the Japan Aerospace Exploration Agency (JAXA). ALOS-2 is a satellite with a L
band radar sensor (1.2 Hz sensor, 23.6 cm wavelength). In this project, seven descending images
of the 144-track were available through the CEOS Disaster Risk Reduction Pilot Project. The
144-track covers the volcanic arc and the seven images were acquired between January 2015 and
October 2016 (644 days in total). Sentinel 1 satellite has a C-band sensor (5.4 Hz sensor - 5.6
cm wavelength), with a repeat pass frequency of 6 - 12 and 24 days, for the Central American
region. Images available from Sentinel 1 are from 26/04/2015 till present from both ascending
and descending tracks.
The initial step for the project was to identify the most appropriate processing strategy to
produce interferograms over the Southern segment of the Central American Volcanic arc, the
“Guanacaste Volcanic Arc” from ALOS-2 and Sentinel 1 satellites. We consider the different
satellite wavelengths, the coherence of each image (e.g. sensitive to vegetation, ground use) and
availability of digital elevation models (DEM). I used a Digital Elevation Model (DEM) from 2000
of 90 m and 30 m from the Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007). At
each acquisition, different water vapour values and atmospheric turbulence are present in the
troposphere particularly at volcanoes (topographic heights) where the altitudes have different
water vapour concentrations (e.g., Ebmeier et al., 2013). To reduce the atmospheric noise from
the interferogram we use models of the atmospheric conditions of the date of the SAR image
acquisitions. The difference between the delays estimated for each acquisition date, are then are
subtracted from the interferometric phase. For this correction, we use the Generic Atmospheric
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Correction Online Service for InSAR (GACOS). GACOS uses an Iterative tropospheric decomposi-
tion (ITD) model by Yu et al. (2018b), to obtain the zenith total delay maps of the atmosphere.
GACOS uses a high-resolution weather model from the European Centre for Medium-Range
Weather Forecasts (HRES-ECMWF) to estimate the maps. The zenith delays given by GACOS
have to be projected into the line of sight of the interferogram to be used and are also given with
a 90-m resolution, so to remove the delay from the interferogram, the unwrapped data generated
with a 30 m DEM, has to be sub-sampled.
1.3.2 Multi-temporal methods
Producing deformation velocity maps is a challenge when analysing densely vegetated areas and
where the strain is small and spread over a large area and time. For the Central American region,
some areas have poor coherence because of dense vegetation, constant volcanic activity and
earthquakes and other types of temporal decorrelation. For these reasons a single interferogram
may not be sufficient, and the combination of several interferograms is needed. Some examples
of multi-temporal methods are stacking interferograms, small baseline techniques and persistent
scatters (e.g., Wright et al., 2001b; Ferretti et al., 2001; Berardino et al., 2002; Hooper et al.,
2004; Crosetto et al., 2016).
The stacking method is based on the principle that the signal obtained is expected to be
systematic and the atmospheric noise is expected to be random. When N interferograms are
added, the signal would be N times larger and the noise would be
p
N times larger (Wright et al.,
2001b).
Time series methods are used when there is an incremental change in an area. A linear
inversion of the acquired interferograms is used to obtain the displacement at each acquisition.
The small baseline technique is a time-series method for monitoring temporal evolution of surface
deformations of interferogram pairs with small orbital separation. This method limits the spatial
decorrelation and can be used to identify and filter out atmospheric phase artefacts (Berardino
et al., 2002). This method is used for maximising the number of acquisitions used by generating
an interferogram for each acquisition co-registered to a common super-master image (Berardino
et al., 2002). Finally, the persistent or permanent scattering method focuses on points (scatterers)
that can be identified in all images and do not suffer decorrelation, even with large baselines
(Ferretti et al., 2001; Hooper et al., 2004; Crosetto et al., 2016). These methods will be used in the
study area as appropriate. To apply the persistent scattering and small baseline methods, the
software programs used is Stamps (Hooper et al., 2004) as further explained in Chapter 5.
1.3.3 Modelling geodetic signals
When there are deformation signals related to subsurface changes such as magma intrusions,
earthquakes or changes in a reservoir, the source of the deformation can be modelled. The
type of model used depends on the mechanism and the data available from the region, such
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as geodetic measurements, focal mechanisms for earthquakes and the temperature, pressure,
lithology and activity logs (injection or extraction of mass at reservoirs). To model magmatic
sources from InSAR surface deformation, studies apply a non-linear inversion of the deformation
by modelling a point source (Mogi, 1958) or an elongated source such as, a spheroidal prolate
source in an elastic half-space (Yang et al., 1988), that represents the subsurface displacements.
To model surface displacements from earthquakes and dykes, the dislocation model by Okada
(1985) is commonly used. This model assumes that the earthquake shear and tensile motion
occurs on a rectangular plane in an elastic homogeneous half-space. Lamés coefficients (λ and
µ) are constants used to characterise the elastic medium. The model considers nine parameters
(latitude, longitude, slip, length, width, depth, strike, rake and dip of the rupture and opening for
dykes) and the two Lamés coefficients.
The earthquake slip distribution along a known fault can be modelled using a linear inversion
of the ground deformation (e.g., Wright et al., 2003, 2004; Funning et al., 2005). The fault(s)
are assumed to be planes that are divided into patches. The fixed parameters of a known fault
are length, depth, strike, dip and rake. The inverse problem is solved by applying a linear least-
squares method to obtain the distribution of slip on each fault patch. In this thesis, the slip
distribution of the 2016 Bijagua earthquake (Mw 5.4) is estimated in Chapter 3.
The point source modelling considers the vertical and radial displacements due to a volume
variant on a sphere (Mogi, 1958). The width of the deformation area is a function of the depth of
the source. The amplitude of the deformation is a function of the depth and volume. When the
depth is fixed, the amplitude is only a function of the volume. This model has four degrees of
freedom (two horizontal coordinates, depth, pressure and variation of volume) (Heimlich et al.,
2015). The ellipsoidal model (Yang) is more realistic for modelling the injection of water in
sedimentary layers, due to the anisotropic characteristics of sedimentary rocks (Heimlich et al.,
2015). The model has eight degrees of freedom (two horizontal coordinates, depth, pressure and
the elliptical parameters (semi mayor and semi minor axes))(Heimlich et al., 2015).
When analysing sources of known extent, a common relation used to obtain the volume
change (∆V ) is given by the Eshelby [1957] equation (1.7), using the total volume of the reservoir
(V ), the pressure change (∆P) and the shear modulus (µ).
(1.7) ∆V =V ∆P
µ
When considering the parameters for the modelling, most studies use shear modulus (µ) of 30
GPa and a Poisson’s ratio (ν) of 0.25, but for geothermal reservoirs, values as low as low ∼ 10 GPa
are used (e.g., Fialko and Simons, 2000; Keiding et al., 2010; Heimlich et al., 2015; Juncu et al.,
2017; Liu et al., 2018). The low shear strength is linked to preexisting planes of weakness with
increased pore fluid pressure, due to the fluid injection and to the decrease in normal stress on
the surface. The decrease in normal stress is able to reduce effective shear strength on suitably
oriented fracture planes (Fialko and Simons, 2000).
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1.3.4 InSAR studies in Central America
Previous InSAR studies in the region have mainly focused on volcanic activity, and have shown
that decorrelation due to vegetation is a major challenge (Ebmeier et al., 2013). Ebmeier et al.
(2013) identified that the region had been understudied due to technical difficulties such as the
local atmospheric conditions, dense vegetation and other characteristics such as steep slope and/or
persistent activity. Investigations have been performed on individual volcanoes in Guatemala
(Schaefer et al., 2015, 2016; Wnuk and Wauthier, 2017; Pritchard et al., 2018; Lechner et al.,
2019). At Santiaguito and Pacaya volcanoes, subsidence and/or compaction of the deposits were
estimated by Ebmeier et al. (2010) and Wnuk and Wauthier (2017). At Pacaya volcano, Schaefer
et al. (2015) reported ∼ 3 m down slope motion during the eruptions of May 2010 and Lechner
et al. (2019) reported a shallow inflation on the Eastern Flank caused by a sub-vertical dike.
Lechner et al. (2019) also reported deflation of an spherical source which is deeper than the dike,
at a depth consistent with that of the magma reservoir.
In Nicaragua, Masaya Volcano has been investigated by Stephens et al. (2017), and Stephens
and Wauthier (2018). Masaya had ground deformation associated to eruptions and uplift (∼ 8
cm) in a 10 month period between 2015 and 2016 (Stephens et al., 2017). This deformation was
associated to a magmatic reservoir 3 km North and 3 km deep from the Santiago vent (Stephens
and Wauthier, 2018).
In Costa Rica, the western flank of Arenal Volcano has shown down slope displacement of
∼ 1 to 11.5 cm/yr between 2005 and 2009 using ALOS, TerraSAR-X and RadarSat data (e.g.,
Ebmeier et al., 2010; Muller et al., 2014), where using only InSAR the value estimated is ∼ 7
cm/yr (Ebmeier et al., 2010, 2014).
1.4 Thesis Structure
1.4.1 Main goal
The goal of this thesis is to identify active ground deformation areas in Central America and
detect their relationship with subsurface processes by processing, analysis and interpretation
of InSAR images from the satellites ALOS-2 and Sentinel 1. I apply a range of different InSAR
processing methods to find the most appropriate to provide a good quality and quantity of InSAR
data, by the reduction of error sources (atmospheric variations, orbit errors, surface elevation).
The goal is to improve the accuracy of monitoring ground deformation caused by volcanic, tectonic
and geothermal activity in the region.
1.4.2 Objectives




• Identify active ground deformation areas around the Guanacaste Volcanic Arc and compare
them to known seismic/anthropogenic and /or to volcanic sources.
• Generate source models from deformation areas identified from the processed images and use
them to understand the processes during deformation.
This thesis first describes the aims of the project, with a review of the Central American
Tectonics (Chapter 1 and 2). For Chapters 3 to 5, we test the application of InSAR to some
of the active regions in Costa Rica mentioned in Chapter 2. Chapter 3 contains the ground
deformation analysis of an forearc sliver boundary earthquake, which was submitted and accepted
for publication at the Geophysical Journal International [Araya and Biggs, 2019]. Chapter 4 is
the systematic analysis of co-seismic interferograms of earthquakes >Mw 5.0, between 2016 to
2019 in Costa Rica. Chapter 5 analyses ground motion related to activity on a geothermal field,
which uses data from the Costa Rican Institute of Electricity, and is in preparation for submission
to Journal of Volcanology and Geothermal Research.
Chapter 2 describes the seismogenic regions of the Central America. In this chapter, I
combined historical (1526 to 1997) and instrumental earthquake locations (1998 to 2018), with
GPS velocity vectors, earthquake focal mechanisms and tectonic information, in order to separate
seismogenic zones in the region. The seismogenic zones were used to identify key scientific
questions that can be studied by using InSAR in the Central American Region. The first one is
related to the Central American forearc Sliver motion along the inner boundary faults and the
second is deformation related to volcanic and geothermal processes that occur on the Central
American Volcanic Arc.
Chapter 3 describes the motion observed due to the 2016 Mw 5.4 Bijagua earthquake. The
analysed earthquake was studied mainly using ALOS-2 SAR images. Surface deformation of ∼ 6
cm was obtained between the Caño Negro and the Upala faults. Then, a slip distribution linear
inversion was performed considering the known geometry of the faults. The earthquake generated
∼ 35 cm of right lateral slip on the Caño Negro fault, which triggered ∼ 33 cm of vertical aseismic
slip on the reverse Upala fault. The slip occurred on a segment of the Guanacaste Volcanic Arc
Sliver inner boundary fault, characterising the active motion of the sliver.
Chapter 4 is a systematic study of the co-seismic interferograms of shallow (<20 km) earth-
quakes, of magnitude >Mw 5.0, between 2016 to 2019 in Costa Rica. For this chapter, the
interferograms were generated using only Sentinel 1, and were compared to forward models of
the surface deformation expected based on the seismological recordings. Five earthquakes were
analysed with magnitudes between 5.3 and 6.2. Results show how the magnitude, and depth
are not the only factors that influence the capability to obtain ground deformation, but also the
number of coherent pixels and the atmospheric conditions. Only the co-seismic interferograms of
the earthquakes with moment magnitude >6.2 showed surface deformation.
Chapter 5 investigates the ground deformation associated with energy production activity
at the Dr. Alfredo Mainieri Protti Geothermal field between May 2015 to October 2016. In this
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analysis, the deformation is obtained using ALOS-2 and Sentinel 1 data over the geothermal
field area and multi-temporal times series methods. The surface deformation results are inter-
compared, and related to the seismicity location, and the daily fluid extraction rates recorded by
the geothermal power plant. The results show a strong correlation between the magnitude of
deformation over the geothermal field and the extraction rates, and a spatial relation between
the deformation pattern, the seismicity and the location of the geothermal field. The behaviour of
the geothermal field is of alternating periods of 120 days of ∼ 3 cm uplift and subsidence of the
surface over the geothermal field, with the peak displacements at the extraction wells region.
Chapter 6 describes the general conclusions obtained during the research and the proposed
future work. In this chapter I mention how complementary the data from the two satellites are to
describe the pattern and the velocity of ground deformation. It is also recognise how the locations
from the seismic recordings can be improved from the observation of high spatial resolution
deformation patterns, and to describe the direction of the motion. Overall the ALOS-2 data
shows highly coherent interferograms that provide high spatial resolution of the patterns of
deformation, but with the low repeat-track frequencies. In contrast, Sentinel 1 data enables high
temporal resolution with a current repeat-track frequency of 12 days, that allowed for time series
analysis of displacement. Finally, it is concluded that with the current satellites it is possible to
monitor the ground deformation in the region using InSAR to study tectonic deformation caused
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Abstract
Central America is located on the Caribbean plate, and includes two micro-plates (Panama
Microplate and the Central American forearc sliver) and has boundaries with three plates
(Cocos, North American and Nazca). The current regions of active tectonic deformation have
been identified based on seismic records, and sparse continuous GPS stations and there are
no high spatial resolution studies geodetic studies available.
In this chapter, I review the Central American seismogenic zones, by combining historic
seismicity data with recent earthquake locations, earthquake focal mechanism solutions and
GPS velocity vectors. The seismogenic zones are separated into 1) subduction seismicity (slab,
interplate and outer rise), 2) shallow (<20 km) seismicity on the overriding plates (intraplate
and interplate seismicity) and 3) seismicity associated with volcanic and geothermal processes.
The purpose of this review is to identify active deforming regions and key scientific
questions, that can be studied using InSAR. The scientific questions identified relate to the
deformation of the Caribbean plate: the nature of the boundary of the Central American Sliver,
and the processes occurring within the volcanic arc (e.g. active volcanism, and geothermal
fields). As a consequence of this review two scientific questions were selected to be studied
and analysed, and they are addressed in Chapters 3, 4 and 5.
Key points
• Combined of historic and recent seismicity with focal mechanisms and GPS vectors to charac-
terise the Central American seismogenic zones.
• The seismogenic zones were separated in three categories (subduction seismicity, interplate
seismicity and volcanic seismicity).
• Several scientific questions were identified in the Central American region suitable for further
study using InSAR.
2.1 Introduction
Central America lies on the Caribbean, North American and Cocos Plates and the Panama
Microplate. Around 740 earthquakes >Mw5.0, have occurred over the past 30 years. Nine of these
earthquakes were bigger than Mw7.0 and occurred at the subduction zone between the Cocos
and Caribbean Plate, and one Mw7.7 earthquake occurred on the boundary between the Panama
Microplate and the Caribbean Plate (Figure 1.1).
This review describes the main seismic sources in the Central American region. The main
purpose is to distinguish the main zones of activity and identify the key scientific questions that
remain unsolved. For each of the seismogenic zones we describe the relative motions between the
plates and the type and depth of earthquakes that have been recorded.
The relationship between earthquakes, faults and tectonic setting is observed in the distri-
bution of earthquake focal mechanisms. According to the Anderson (1951) theory of faulting,
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faults form from the failure of brittle rocks and extensional regions are typically dominated by
normal faulting as the largest stress (σ1) is vertical and the intermediate (σ2) and smallest (σ3)
are in the horizontal direction. In compressional regions, reverse faulting typically dominates as
the largest stress (σ1) and the intermediate stress (σ2) are horizontal, and the smallest (σ3) is
vertical. If the direction of σ1 and σ3 are horizontal, horizontal shear stress dominates and strike
slip faulting would be expected to be dominant in the area. Anderson (1951) theory of faulting, is
an oversimplification as it does not consider mechanical heterogeneity or pre-existing structures.
In many continental regions, multiple types of earthquakes are observed in close proximity.
We observe several distinct seismogenic zones in Central America, each of which has a
dominant focal mechanism type and a range of depths. We divided the seismogenic zones in two
main groups. One group contains seismogenic zones associated with the subduction of the Cocos
Plate, and the second group consist of earthquakes within the overriding plates, and notably
on plate boundaries between the Caribbean and North American Plates, around the Central
American Sliver and between the Panama Microplate and the Caribbean plate.
In this chapter, we review the Central American tectonic regions in order to identify the
known actively deforming regions. The purpose is to recognise the scientific questions from the
region that can be resolved or better understood by applying InSAR.
2.2 Data catalogues
2.2.1 Instrumental Seismicity
To characterise each seismogenic region, we used two earthquake catalogues; a regional earth-
quake and focal mechanism catalogue from the Global Centroid Moment Tensor (GCMT) database,
(Ekström et al., 2012), and a national catalogue for seismicity and focal mechanisms from the
National Seismological Network (RSN) for Costa Rica. We used the regional focal mechanism
data to characterise patterns of seismicity in Central America (Figures 2.1). The time covered is
from March 1976 to October 2017, with magnitudes >Mw4.
The earthquake catalogue of Costa Rica consists of 2528 events >Mw3.5, registered on at
least 8 stations, with a minimum station coverage of 180° around each epicentre. The magnitude
of completeness of the catalogue in the time analysed is between Mw ∼ 3 and 2.5, from 1995 to
2014 (Arroyo et al., 2017). The time covered is between January 1998 to February 2018 (Figure
2.2). To describe the shallow seismogenic zones, we selected events with <15 km depth (total of
1243 events). 146 events in this catalogue have focal mechanism solutions, based on the first
arrival and body waves (Figure 2.1).
2.2.2 Historical seismicity
The Central American historical earthquake data used for this work is from 1526 to 2017 (Table
A.1 and Figure 2.1-B). In total, the 203 historic earthquakes have magnitudes between Mw5.5
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Figure 2.1: Central American seismicity and velocity vectors. A- shows the focal mechanisms for
earthquakes >Mw 4.5, where the colour represent the depth of the events and the locations for
three profiles shown in figure 2.4. B- The historic earthquakes epicentres that occurred at Central
America >Mw 5.5 from 1526 to 2017, obtained from (Montero Pohly, 1989; White and Harlow,
1993; Boschini and Montero, 1994; Gordon and Muehlberger, 1994; Montero et al., 1997; Bommer
et al., 1998; Peraldo Huertas et al., 2006). C- GPS velocity vectors relative to the stable Caribbean
Plate. Colour vectors are Norabuena et al. (2004) red, Turner et al. (2007) green, Correa-Mora
et al. (2009) orange, and Kobayashi et al. (2014) in blue. CCRDB: Central Costa Rica Deformed
Belt, PFZ: Panama Fracture Zone.
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Figure 2.2: Costa Rican national catalogue from January 1998 to February 2018. The events
shown are colour filled based on the recorded depth. CCRDB: Central Costa Rica Deformed belt.
and 8.3 and Modified Mercalli (MM) intensities between IV and IX. From 1528 to 1898 the known
events have no instrumental data (depth, magnitude, and location) and are purely based on
intensity reports from local newspapers, and from governmental records from Spain, Costa Rica,
Colombia and Guatemala and compiled by Carr and Stoiber (1977); Montero Pohly (1989); White
and Harlow (1993); Boschini and Montero (1994); Gordon and Muehlberger (1994); Montero et al.
(1997); Bommer et al. (1998); Fernández Arce (2005); Peraldo Huertas et al. (2006). After 1898
and until 1970 the depth for most events is not available, but the magnitude was given in Ms
(surface waves magnitude) and ML (Richter). From the 2000s the magnitude reported is given in
Mw (moment magnitude). The events have different parametric data (magnitude, intensity using
MM intensity scale, and coordinates in degrees) available.
2.2.3 GPS vector data
GPS velocity vector measurements used in this review were estimated relative to the Caribbean
Plate to describe the relative motions between plates and the tectonic blocks (Figure 2.1 - C).
The data used was obtained by Norabuena et al. (2004); Turner et al. (2007); Correa-Mora et al.
(2009); Alvarado et al. (2011); Feng et al. (2012); Kobayashi et al. (2014).
2.2.3.1 Costa Rican GPS studies
Norabuena et al. (2004) combined 3 to 5-day campaign measurements from various years
(1994,1996, 1997 and 2000) to obtain velocities within Costa Rica. They estimated the velocity
for the Guanacaste forearc sliver (∼ 5±6 mm/yr), the convergence rate between the Cocos and
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Caribbean plate (∼ 89 mm/yr), and the velocity for the shortening of the Panama Microplate with
respect to the stable Caribbean plate of ∼ 1 cm/yr.
Feng et al. (2012) used continuous (20) and campaign (29) measurements on the Nicoya
Peninsula from 1996 to 2010, from various studies and their own. Their main purpose was
to measure the mega-thrust coupling at the Nicoya Peninsula in Northern Costa Rica and to
calculate the velocity rate for the forearc sliver motion. In this study, they found two coupled
regions off shore the Nicoya peninsula at ∼ 15 km depth and the second inland at ∼ 24 km depth.
In terms of the forearc, they obtained a rigid block with a velocity rate of ∼ 11.1±1 mm/yr.
Kobayashi et al. (2014) delimited the boundary region of the Panama Microplate with the
Caribbean plate, by comparing their GPS observations to various models of tectonic deformation.
They concluded that the Central Costa Rica Deformed Belt (CCRDB) and the Northern Panama
Deformed Belt behave as a diffuse boundary between Panama Microplate and the Caribbean
plate. The velocity rate calculated between the Panama Microplate and the Caribbean plate is
of ∼ 6.9±4 mm/yr, with an azimuth of 040° ±26°. In this study, they calculated a convergence
velocity between the Cocos and Panama Microplate of 73 mm/yr, and between the Cocos and the
Caribbean Plate of 72 mm/yr.
2.2.3.2 El Salvador to Nicaragua region studies
Similar to the project by Norabuena et al. (2004), Turner et al. (2007) had a combination of 3-day
campaign measurements for a total of 16 sites along the Nicaragua Forearc repeating the survey
sites over four years (2000, 2001, 2002, 2003), and added data from continue GPS sites from
Nicaragua (2), El Salvador (1) and Honduras (3). Their results show a mean velocity rate of
the Nicaraguan forearc of ∼ 15.1 mm/yr, where the velocities range from (∼ 7.6±5.8 mm/yr) to
(∼ 23.2±5.7 mm/yr) with an azimuth range between ∼ 276° to ∼ 331°.
In the case of Correa-Mora et al. (2009), their purpose was to quantify the elastic strain at
the subduction zone along the Middle American Trench (from El Salvador to Nicaragua) and for
the volcanic arc faults. They used 32 sites (29 campaign sites) at Honduras (6), El Salvador (12)
and Nicaragua (14). The data obtained at El Salvador were between 2004 to 2008 with one-week
long occupations. In this study they obtained coupling percentages for the subduction, and found
10% coupling at Central El Salvador between 30 to 60 km depth. For the volcanic arc faulting
related to the forearc, they divided the region in three segments, Western El Salvador (40 to
100%), Eastern El Salvador (60 to 100%) and Nicaragua (100%) at depths between 0 and 20 km.
Alvarado et al. (2011) focused on the same region, and integrating GPS with seismic, struc-
tural and paleo-magnetic observations to explain the motion of the forearc. They found that the
indentation of the Cocos Ridge is the primarily driver for the Central American forearc sliver
motion, where the Nicaragua forearc segment (subduction 025° obliquity) is pushing the El
Salvador segment towards the NW (subduction 020° obliquity).
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2.3 Subduction zone seismicity
2.3.1 Plate interface
Subduction interplate earthquakes occur along the Middle American Trench (MAT), from
Guatemala to the Panama Fracture Zone (PFZ). To illustrate the seismicity we plotted three
different profiles perpendicular to the MAT, which are located in Guatemala (1), Fonseca Gulf (2)
and Costa Rica (3) (Figure 2.1 - A). The profile lines cross from the outer rise of the subducting
plate, to ∼ 150 to 200 km inland in the backarc area and from the surface to 250 km depth.
The focal mechanisms shown in the profiles are projected to the profile line from a width of
25 km either side of the profile. The earthquakes here occur from the surface to ∼ 45 km depth as
shown in orange polygons in Figures 2.3 - A & B and in the cross sections in Figure 2.4, with
purple colour focal mechanisms. In this zone the seismic events have mainly NW-striking reverse
nodal plane solutions. The principal stress (σ1) direction is horizontal, and the main stress source
comes from the plate convergence and subsequent subduction between Cocos and Caribbean
plates.
Slow slip events have been recorded on GPS stations, with a recurrence of ∼ 21±6 months
at the subduction seismogenic zone under the Nicoya peninsula at ∼ 6 km and at ∼ 25 to 40
km depth (e.g., Outerbridge et al., 2010; Jiang et al., 2012). These events are accompanied by
Episodic Tremor and Slip (ETS) (e.g., Brown et al., 2009; Outerbridge et al., 2010; Walter et al.,
2013; Davis et al., 2015), recorded at seismic stations and borehole pressure measurements.
The tremors have very low frequency earthquakes of 0.02 to 0.05 Hz. During these events
both dilatational and contractional strain is detected from slip propagating up-dip on the plate
interface (e.g., Outerbridge et al., 2010; Walter et al., 2013; Davis et al., 2015). In 2009, a ETS
period occurred 2 weeks after the slow slip event initiated and in September 2012, after a Mw
7.6 earthquake, every 1 to 3 weeks, ETS periods occurred over the next few months (Davis et al.,
2015). The slip of the events in 2012 had roughly ∼ 5 cm/day of slip with a total of ∼ 75 cm by the
end of the observation period (Davis et al., 2015).
From the surface to ∼ 5 km depth, earthquakes are generated from the dehydration of the
top sediment layer of the subducting plate. The fluids from sediment dehydration also travel
through the sediments of the margin creating drainage over the slope and activating submarine
landslides (Ranero et al., 2008). Between ∼ 5 km and ∼ 30 km deep, earthquakes mainly occur on
the plate interface (i.e. Vannucchi et al., 2001, 2003; Ranero et al., 2005). Some of the events at
this depth are associated with the abundant subducting seamounts from the CNS segment of
the Cocos plate (Dominguez et al., 1998; McCaffrey, 1996a; DeMets, 2001; Gardner et al., 2001;
DeMets, 2002; Arroyo et al., 2014; LaFemina et al., 2009; Turner et al., 2007).
The subduction interplate zone is responsible for the largest earthquakes in the region. Since
the year 1526 and until 2017, at least 48 historic earthquakes have occurred along the subduction
zone affecting every country in the region, (Figure 2.5). The events have an average depth of
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Figure 2.3: Earthquake focal mechanisms in Central America. A- Normal fault focal mechanisms
(fm) mainly with NW strike. B- Reverse fm related to the subduction processes and with a
dominant NW strike direction. C- Strike slip motion fm at continental plate and tectonic block
boundaries. Labels: CAS (Central American Sliver), CCRDB (Central Costa Rica Deformed Belt),
HD: Honduras Depression, HE (Hess Escarpment), NPDB (North Panama Deformed Belt) and
PFZ (Panama Fracture Zone) and PMF (Polochic-Motagua Faults).
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∼ 6.1 km, and the recorded magnitude ranges from Mw5.5 to Mw8.3. The maximum earthquake
magnitude known for the seismogenic zone was a Mw8.3 (in red, Figure 2.5) that occurred on
the 19th of April,1902 at 00 : 23 : 00 UTC, located at Latitude 14.50° N and Longitude 92.0°
W. Offshore earthquakes in this seismogenic zone can cause tsunamis, but only one event had
recorded damage. This Mw8.3 event, was tsunamigenic offshore between Guatemala and affected
El Salvador too.
Figure 2.4: Cross sections from Figure 2.1 - A, the Cocos Plate outer rise across the Middle
American Trench (MAT), to the volcanic arc. 1- Guatemala, 2- El Salvador, Honduras and
Nicaragua, 3- Costa Rica. The focal mechanisms colours represent hypocentral depths.
2.3.2 Cocos Plate Slab events
Earthquakes in the slab extend from 30 to 250 km and are represented by yellow polygons in
Figure 2.3 - B, C and D and in the cross section (1) and (2) from (Figure 2.4). Earthquakes from
21
CHAPTER 2. CENTRAL AMERICAN SEISMOGENIC ZONES
Figure 2.5: Historic subduction (squares) and intraplate (circles) earthquakes 1526 - present
>Mw5.5.
∼ 30 to 100 km depth have both normal and reverse focal mechanisms. Earthquakes from 100 to
250 km depth have only been recorded between Latitude 15° N to 11° N (Guatemala - Nicaragua)
and have mainly reverse focal mechanisms. The earthquakes in this particular zone were studied
by Ranero et al. (2005) who found that some of the seismicity is caused by the reactivation of
faults that were formed at the outer rise before the plate subducted and by the deformation
associated with dehydration embrittlement and eclogitization.
2.3.3 Cocos Plate outer rise
Subducting oceanic plates bend and form a low topographic (high) rise seaward of trench, known
as the outer rise. As the Cocos Plate bends before it subducts at the Middle American Trench, the
upper surface extends at the outer rise as a flexural response to the downward deflection of the
subducting plate. The effective elastic thickness of oceanic lithosphere is a function of temperature
(age) of the plate at the time of loading (e.g., Sandwell and Schubert, 1992; Contreras-Reyes
and Osses, 2010). Extensional earthquakes here occur om NW striking faults. The earthquakes
at these fault planes occur between the surface and ∼ 7 km depth, and can be observed from
Guatemala to the Cocos Ridge at Latitude 9° N (Figure 2.3 - B, grey polygon). In the cross sections
(Figure 2.4), the events are shown as purple focal mechanisms to the left side along the MAT.
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2.4 Seismicity in the overriding plates
Earthquakes within the Caribbean Plate and the associated tectonic blocks are mainly related
to fault failure in the upper crust and weak thermal areas around the volcanic arc (Figure 2.3;
red polygons in A, B and C). These boundaries are between: 1. The Caribbean Plate and the
North American Plate, 2. The Caribbean Plate and the Panama Microplate, 3. The Caribbean and
the Central American Forearc Sliver. In this section, we first discuss the seismicity associated
with the boundaries of the Central American Sliver, were most of the seismicity occurs, then the
seismicity associated with the boundaries of the Panama Microplate and finally the seismicity
boundary between the North American and Caribbean plate, were less data has been collected
due to a lack of seismic stations.
2.4.1 Central American Sliver (CAS)
A forearc sliver is a tectonic block within the overriding plate that experiences trench parallel
motion, commonly caused by oblique convergence. In the case of Central America, besides
the oblique subduction, there is also the indentation of the Cocos Ridge at the southwest of
the Caribbean plate margin which further contributes to the sliver motion (i.e. McCaffrey,
1996a; DeMets, 2001, 2002; LaFemina et al., 2009; Turner et al., 2007) (Figure 2.6 - A). The
oblique convergence causes the relative motion to be partitioned into trench parallel and trench-
perpendicular motions. The trench parallel motion generates strike slip motion parallel to the
volcanic arc with strike slip faults and pull apart structures. In contrast, the trench-perpendicular
motion generates compressive stress within the overriding plate forming trench-perpendicular
reverse faults (Figure 2.7).
The CAS has been defined in this review in three segments from North to South. The area
between El Salvador and Honduras (Latitude 14° N to 13° N) (CAS seg 1- Figure 2.6 - B), has
predominant arc-parallel structures (∼ N 45° W), right lateral strike slip faults and pull apart
extension structures. Here the coupling is weak and there is no obliquity of the subducting plate
to drive forearc motion parallel to the trench. The common hypothesis is that the indentation of
the Cocos Ridge, which is ∼ 600 km away from this segment, is the main force that drives the
sliver (i.e. Correa-Mora et al., 2009; Funk et al., 2009; Alonso-Henar et al., 2014).
The central segment is in Nicaragua (Latitude 13° N to 11° N) (CAS seg 2 - Figure 2.6 -
B). The obliquity at this region is 15°, and the volcanic arc presents right steps (La Femina
et al., 2002). This segment has no obvious trench-parallel structures, instead bookshelf faulting
has been proposed (e.g., La Femina et al., 2002; French et al., 2010) as rotating blocks with
bounding faults perpendicular to the volcanic arc with left lateral displacements between them.
Alternatively, Funk et al. (2009) suggest the sliver boundary is near the volcanic arc at structures
parallel to the trench, that were generated when the Nicaragua Depression was active (ND,
Figure 2.6 - B). The Nicaragua depression occurred in the Pliocene, from a extensional phase,
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Figure 2.6: Central American forearc sliver segments. A- Central American Sliver (CAS) parti-
tioning tectonic features. Oblique subduction with a seamount indentation. B- CA: Caribbean
Plate, CAVA: Central American Volcanic Arc, CCRDB: Costa Rica Deformed Belt, CNS: Cocos
Nazca Spreading Centre segment, CO: Cocos Plate, EPR: East Pacific Rise segment, FC: Fila
Costeña, FR: Fisher Ridge, FS: Fisher Seamount, HD: Honduras Depression, NA: North American
Plate, ND: Nicaragua Depression, NP: Nicoya Peninsula, NPBD: North Panama Deformed Belt,
PFZ: Panama Fracture Zone, PM: Panama Microplate, PMFZ: Polochic Motagua Fault zone, T:
Talamanca, white dash line: separation between EPR and CNS, black arrow is the Cocos Plate
subducting direction and velocity.
after the rollback of the subducting slab and the migration of the volcanic arc trench-ward since
the Miocene.
The southernmost segment of the CAS is between Latitude 11° N to Latitude 10° N comprising
the Northern Costa Rica volcanic arc (CAS seg 2- Figure 2.6 - B). The subduction obliquity at the
Nicoya Peninsula (NP, Figure 2.6 - B) (Latitude 10° N) here is 020°. The coast of this peninsula,
is uplifting and it was suggested by Gardner et al. (2001) that this is a response to the subduction
of the Fischer seamount (i.e. FS, Figure 2.6 - B) (Latitude 9.2° N, Longitude 85.5° W).
The relative motion between the CAS and the Caribbean plate is taken up on different
structures according to the angle of convergence and changes in the topographic relief of the
subducting slab. The boundary for the southernmost segment is currently inferred from GPS
studies McCaffrey (1996a); DeMets (2001); Norabuena et al. (2004); LaFemina et al. (2009); Feng
et al. (2012) and from geologic structures near the area (i.e. Montero et al., 2017), and is the
subject of Chapter 3.
In general, it is known that the silver boundary is within an area of ∼ 25 km around the
Central American Volcanic Arc (CAVA). The CAVA extends from the border between Mexico and
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Figure 2.7: Velocity vectors on the Central American Sliver (CAS). A- Horizontal velocities
from Figure 2.1-C, projected in arc-perpendicular and B- Arc-parallel directions (N 70° W at El
Salvador, N 40° W at Nicaragua volcanic arc, and N 45° W at Costa Rica volcanic arc). CCRDB:
Central Costa Rica Deformed Belt, PFZ: Panama Fracture Zone
Guatemala at Latitude 14.5° N to the volcanic arc at Costa Rica at Latitude 10° N, and includes
72 Holocene active volcanoes (Venzke, 2013) (Figure 2.6 - A). The volcanic arc is relatively parallel
to the Middle American Trench, and it is thought to be at a weak zone due to the thermal
anomaly associated with volcanic activity. The volcanic arc represents the preferential failure
area appropriate for the tectonic block boundary to form (Figure 2.6 - A). The shallow tectonic
seismicity near the volcanic region with trench parallel motion is likely to be related to the sliver
transport.
The CAS velocity (∼ 14 ±2) mm/yr was determined by DeMets (2001), with a decreasing
velocity from El Salvador to Guatemala. Turner et al. (2007) calculated ∼ 15.1 mm/yr at Nicaragua
and El Salvador, Honduras and Correa-Mora et al. (2009) estimated a ∼ 14 to ∼ 16 mm/yr fro
Nicaragua. For northern Costa Rica, the velocity is estimated to be 8 ±3 mm/yr velocity to the N
45° W (i.e McCaffrey, 1996a; DeMets, 2001; Norabuena et al., 2004; LaFemina et al., 2009). For
this same region, Feng et al. (2012) estimated a rate of ∼ 11 ±1 mm/yr, in the same direction.
2.4.2 Panama Microplate
The boundary between the Panama Microplate and the Caribbean plate is defined by two
tectonic deformation belts (i.e. Adamek et al., 1988; Kobayashi et al., 2014); the North Panama
Deformation Belt (NPDB) and the Central Costa Rica Deformation Belt (CCRDB) (Figure 2.8).
The NPDB is a backarc NW striking thrust belt located under the Caribbean Sea from the
middle of the Costa Rican Caribbean coast at Latitude 10° N to Panama at Latitude 9° N. The
earthquakes depths in the NPDB are from the surface to ∼ 15 km (NPDB, Figure 2.8 - C).
Rockwell et al. (2010) found that the coast here has uplifted due to the earthquakes on at least
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three occasions in the past 950 - 1400 years, based on exhumed coral reef terraces along the
coast. The biggest known earthquake in the NPDB was a Mw7.7 earthquake that occurred in
1991, at Latitude 9.69° N and Longitude 83.07° W, (Figure 1.1 - A). This earthquake generated
a maximum of 1 m uplift of the Caribbean coast of Costa Rica decreasing to the south towards
Panama (Denyer et al., 1994). The CCRDB (Figure 2.8), is a ∼ 100 km-wide region that crosses
Figure 2.8: A -Central Costa Rica Deformed Belt (CCRDB), seismicity, faults and focal mecha-
nisms. Labels are SS: seamount subduction, ACF: Aguacaliente fault, BP: Burica Peninsula, LF:
Longitudinal Fault NF: Navarro fault, NPDB: Northern Panama Deformed Belt, SI: San Isidro,
Ss: Seamount, SV:San Vito. A- Focal Mechanisms. B- Historic earthquakes. C- GPS velocity
vectors on Costa Rica, taken from Norabuena et al. (2004) (red arrow vectors), and Kobayashi
et al. (2014) (blue arrow vectors).
Costa Rica from East to West perpendicular to the volcanic arc axis, between the NPDB and the
MAT (i.e. Marshall et al., 2000; Montero, 2001). The CCRDB has two main faults orientations:
NW right lateral strike slip faults and NE left lateral strike slip faults (i.e. Marshall et al., 2000;
Montero, 2001; Fernández and Montero, 2002). The earthquakes on these faults occur from the
surface to 10 km depth. Locally, the two major known left lateral strike slip fault systems called
Aguacaliente and Navarro fault systems, have had the largest earthquakes (Ms5.6 and Ms6.2
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in 1910) in the area (Figure 2.8 - B) (i.e. Montero, 2001; Fernández and Montero, 2002). West
from CCRDB volcanoes are present, but there are no Holocene active volcanoes on the CCRDB or
detectable deep (>50 km) subduction earthquakes (Figure 2.1 - A).
Finally, the GPS vectors in the CCRDB Figure (2.8 - C) have a fan pattern at CCRDB
with azimuths from 0° to 035° direction. There is also a change in the direction of the velocity
vectors between Northern area from the CCRDB (the CAS tectonic block) and the CCRDB, which
demonstrates diferent directions in which the Central American Sliver tectonic block is moving
away from the CCRDB. Also, it is evident that the vectors in the area south of the CCRDB (The
Panama Microplate) has a defined NE trend which means the Panama Microplate is moving on a
different direction from the stable Caribbean plate (Figure 2.8 - C).
Other seismic zones are present in the Panama Microplate, which are not directly related to a
plate or block boundary. The Longitudinal Fault (LF) (Figure 2.8), is a ∼ 184 km-long fault within
the Panama Microplate. It has a strike of N 55° W parallel to the trench, and represents the
boundary of the forearc basin, and has reverse motion with a right lateral component (Montero
et al., 1998). The earthquakes here have a depth between ∼ 3 to ∼ 15 km and are caused by the
indentation of the Cocos Ridge that causes uplift of the forearc (Morell et al., 2008). At the Burica
Peninsula, there is a N-S trending seismic cluster with N-S right lateral strike slip nodal planes
and EW left lateral strike slip nodal planes (BP, Figure 2.8). The N-S motion is thought to be
an extension of the stress at the Panama Fracture Zone (PFZ, Figure 2.3 - D). The events here
have depths up to 15 km and the seismicity is composed of reverse motion earthquakes linked
with the subduction proceses at depths between 0 to ∼ 10 km. Finally, there are two swarm areas
within the Panama Microplate: San Isidro and San Vito. At the San Isidro region (SI, Figure 2.8),
the last known swarm sequence occurred in April 2016 with 37 earthquakes between 13 to 18
km depth. The source is the Buenavista Fault, which is on a NS-striking fault, that has right
lateral strike slip motion (i.e. Boschini et al., 1988; Araya, 2017). San Vito (SV, Figure 2.8), is a
region of repeating swarms with earthquakes with a depth range between 3 km to 15 km. Focal
mechanisms here have reverse fault nodal plane solutions, but the source for these events is not
yet known.
In Southern Costa Rica, a notable crustal thinning occurs at the Talamanca Cordillera (T,
Figure 2.6 - B) (Latitude 9.5° N, Longitude 83.5° W) with local fault geometries of pull apart
basin growth and crustal shortening at Fila Costeña (FC, Figure 2.6 - B) (Latitude 9° N) fold
caused by the indentation of the Cocos Ridge (i.e. Norabuena et al., 2004; Lewis et al., 2008;
LaFemina et al., 2009).
2.4.3 North American - Caribbean plate boundary
The plate boundary between the North American Plate and the Caribbean Plate is defined by the
Polochic Motagua Fault system (PMF) (Figure 2.3 - C). The boundary trace is not well defined
along the westernmost part of the Caribbean plate. The PMF system is composed of left lateral
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strike slip faults with seismic events with depths between 5 to 20 km. Historic large earthquakes
include a Mw7.5 to 7.75 in 1816, and a Ms7.5 earthquake in 1976, at 5 km depth. The 1976
earthquake had ∼ 1.1 m of left lateral slip (Gordon and Muehlberger, 1994). The earthquake
occurred at night and caused 23000 fatalities and 77000 injuries (Olcese et al., 1977).
Several NS striking extensional graben are present in the North of Honduras called the
Honduras depression (HD) (Latitude 14° N to 15° N, Longitude 88° W to 86° W). The graben are
located around the Caribbean Islands offshore Honduras and, at Valle Sula “HD” in Figures (1.1 -
B; 2.3 - A). Here earthquakes have depths down to ∼ 15 km. Finally, in the Caribbean Sea off the
Nicaraguan coast, infrequent seismicity occur at the Hess escarpment (HE) at Latitude 12° N
and Longitude 83° W (Weinberg, 1992) (Figure 2.3 - C). The Hess Escarpment is poorly defined
as the south-eastern margin between the Chortis block and the Chorotega block. The Chortis
block is the only emergent area of Precambrian to Palaeozoic continental crust on the present-day
Caribbean plate (Rogers et al., 2007). This block is contained between southern Guatemala to
Nicaragua. In contrast, the Chorotega block contains part of Nicaragua and Costa Rica and forms
part of the trailing margin of the Caribbean Plate (Coates and Obando, 1996). The events here
have strike slip focal mechanisms with a EW left lateral nodal plane and a NS right lateral strike
slip nodal plane, from which the latter are linked to the seismicity in the area. Along the region,
many historic earthquakes have occurred. For the intraplate events the first documented event
occurred in Honduras in 1539, with an estimated magnitude between Ms7 to 7.7 (Montero et al.,
1997). Since then, 154 events have been documented. The average magnitude and depth are Ms6
and ∼ 14 km, respectively (Figure 2.5 - circles).
2.5 Non-Tectonic seismicity
2.5.1 Volcanic seismicity
The Central American Volcanic Arc (CAVA) consists of 72 Holocene volcanic edifices, many of
which are seismically active. Multi-disciplinary groups have studied their geochemistry, petrol-
ogy, type of emissions, age, and stability. Geophysical studies (i.e. gravimetry, GPS, seismicity,
infrasound, UV cameras, multi-parametric sensors) have been used to locate magmatic activity,
recognise motions, and describe the type (fluids, failure) and form (dikes, magmatic chambers) of
seismic signal sources. Volcanic eruptions usually occur with an increment in seismicity (number
and magnitude of events) and with a variation in the source location and geophysical parameters
(Geirsson et al., 2014). Researchers have correlated the signals between different types of obser-
vations, to characterise the behaviour of each volcanic edifice, to help predict when and how the
eruptions will occur, to reduce risk and hazards (e.g., Sparks, 2003).
Here, we review the seismic signals recorded and analysed at the CAVA. Seismic signals have
been studied at five of the CAVA volcanoes: Santiaguito, Fuego, Telica, Arenal, and Turrialba. The
signals help distinguish if the recorded activity is from eruptions, rock fracture, cavity resonance
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and gas or fluid flows which could be perceived with ground sensors as tremors, inflation, or
degassing. The seismic signals recorded can be classified as: 1) volcano tectonic (VT) which are
high frequency (HF) [10 to 50 Hz], 2) short period (SP) [1 to 10 Hz] for brittle failure of rock, or
tremors, 3) long period (LP) [5 to 1 s] commonly attributed to fluid flow at conduits or resonant
oscillations, 4) very long periods (VLP) [30 to 5 s] and ultra long periods (ULP) [>30 s] are
associated with volumetric source movement (e.g. Johnson et al., 2009; Sanderson et al., 2010).
Santiaguito has a clear ULP signal (>30 s) related to degassing and eruption events at a dome,
with recurring events of inflation and deflation evidenced by tilt, and shallow fluid flow from
harmonic tremor preceding explosive events (Figure 2.9)(e.g. Johnson et al., 2009; Sanderson
et al., 2010). ULP depressurising signals are correlated to eruptive activity at the “El Caliente"
vent and SP signals (>0.5 Hz) from shallow pyroclastic events and dome surface motions (i.e.
Johnson et al., 2009; Sanderson et al., 2010).
Figure 2.9: Volcanoes and geothermal power plants in Central America. Volcanoes with volcanic
seismicity studies (red triangles) and location of geothermal power plants in Central America
(pentagons). Names of volcanoes in red, and names of power plants in grey
Fuego is a basaltic-andesite volcano that shows correlated patterns between seismic tremors
(between 1-3 Hz), thermal output and repeating passive lava eruptive behaviour, followed by
paroxysmal eruptions and discrete degassing explosions (Figure 2.9) (i.e. Lyons et al., 2010,
2012; Waite et al., 2013). Waite et al. (2013) distinguished three types of VLP events associated
with conduit sealing and pressure accumulation and release at Fuego, from the 2008 and 2009
eruptions. The peak periods of the three types of VLP are 48 s with ash rich emissions on the
flank, 35 s with ash and bombs emissions from the crater and 29 s with ash free gas puffing,
respectively. Lyons et al. (2012), observed tilting from the inflation of the shallow conduit due
to pressurisation beneath a crystallised plug (20-30 min) prior to the explosions, followed by a
reversal in deformation during the explosion events.
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Telica is a persistently restless volcano (PRV) also known as a quiescently active volcano
(Figure 2.9). It is a stratovolcano composed of basaltic-andesite rocks from Vulcanian eruptions
(∼ 10 km of height). Telica volcano shows an absence of ground deformation, but the long-term
horizontal deformation signal is dominated by tectonic deformation from the CAS motion (i.e.
Rodgers et al., 2013; Geirsson et al., 2014). The volcano has a near continuous tremor of LF
[<5Hz] seismic events with a precursory drop in LF events before most energetic eruptions up
to three months before the eruptions, but not before every eruption (i.e. Rodgers et al., 2013;
Geirsson et al., 2014). In some cases, the decrease in LF seismicity was followed by a HF [>5Hz]
swarm after the eruption activity. Rodgers et al. (2013) attributes the transition from LF [open
system] to eruptions and HF to close system degassing.
Arenal had no volcanic activity (since 2010), but the last eruption lasted ∼ 42 years with ash
emissions every 30 min from the 1980s to the 1990s (Figure 2.9), (Valade et al., 2012). Valade
et al. (2012) found no systematic relationship between seismic recordings and explosions, but
they saw a progressive decrease in the ash emissions and the rate of extruded lava in 2005. The
seismicity varied from two common types of LP signals, spasmodic tremors with 1 to 6 Hz, and
harmonic tremors from 0.9 to 2 Hz and in small amount (rarely) volcano tectonic (VT) events.
The model that is used to explain the behaviour of Arenal volcano, is called “Clarinet" defined by
Lesage et al. (2006), in which both harmonic and spasmodic tremors come from the same source,
but at different depths, and the change in frequency is attributed to pressure fluctuations in the
magmatic conduits.
The Turrialba volcano activity has increasingly evolved since 2014 until present (Figure
2.9). Turrialba currently shows volcanic seismicity associated with degassing and magmatic and
phreatic eruptions. A volcanic seismicity study was carried in 2011 by Eyre et al. (2015), in which
they analysed moment tensor solutions from LP events at depths below 800 m, from the active
SW crater. From the moment tensor results, they determined that the LP signals were not cause
by resonance failure but from slow brittle failure.
From the volcano seismicity available, we noticed that most of the current activity is gener-
ated by degassing and fluid motions within the volcanic edifices (i.e., Santiaguito, Telica, and
Turrialba). For this reason, the majority of the seismic events registered at the volcanoes are LP
and VLP events from fluids escaping and moving through the volcanic systems.
2.5.2 Induced seismicity
Common activities that cause anthropogenic induced seismicity are injection and extraction of
high pressure fluids and gases into or from the ground, river daming, and mining (Bommer et al.,
2006). In the Central American region, probable sources for induced seismicity are mining, and
hydroelectric and geothermal power plants. Usually, the seismic monitoring at power plants
initiates one or two years before production and there is usually no seismic record or database
to characterise the seismicity prior the production. For this reason, in most cases, it can not
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be confirmed that the production has caused induced seismicity. In Central America, there
are induced seismicity studies only for Berlín and Ahuacapan power plant in El Salvador
(i.e. Agostini et al., 2006; Bommer et al., 2006; Kwiatek et al., 2014) (Figure 2.9). Berlín
and Ahuacapan geothermal power plants, are enhanced geothermal systems, with hydraulic
stimulation performed to fracture rock to increase production of the power plant. Kwiatek et al.
(2014) recorded earthquakes up to Mw3.7, ∼ 2 km away from the injection site two weeks after
the injection process ended. They observed a correlation between and increase in the intensity of
the injection and the seismic activity.
2.6 Discussion
Geodetic (ground deformation) research in Central America has focused mainly on the subduction
zone, on active fault systems and on activity of the volcanic arc. The studies were motivated
by reducing risks for the populations that live near hazard zones. Most of research is based on
data from seismological stations, geomorphological and structural geology campaigns, seismic
reflections, gravimetric campaigns and GPS data. Studies using InSAR can be complementary
to existing studies in the known active regions but could also help detect deformation regions
that were not previously known. The types of information that can be obtained can include: 1-
Location of deforming structures (active segments, length and geometry). 2- Measurements of
the motion (direction and rates). 3- Observation and characterisation of the deformation (uniform
or diffused). 4- Aseismic slip. Based on this review, we have identified two specific scientific
questions that could be studied with Interferometric Synthetic Aperture Radar (InSAR) methods.
2.6.1 What is the nature of the boundaries of the Central American Sliver?
Earthquakes within the continental crust tend to be shallow (from surface to <10 km depth),
therefore regions of continental deformation such as forearc slivers tend to be regions of high
seismic hazard. The advantage of knowing where the boundary is, and if it has active deformation,
can help mitigate the risk associated with the seismic hazards for populations that live near
these seismogenic zones.
The Central American Sliver motion has been measured by GPS, at a rate of ∼ 11 mm/yr,
parallel to the volcanic arc, in Costa Rica, across a ∼ 16 km area between the backarc and the
forearc region. The boundary of the forearc was studied in detail only in El Salvador and at
Nicaragua. The location of the sliver boundary in Costa Rica was suggested to be located between
the volcanic arc and the backarc by Feng et al. (2012); and identified from seismic data and from
geological structures by Montero et al. (2017). The mapped faults are aligned and located to
the NE side of the volcanic arc. There is presence of right lateral steps on the streams, which
indicates recent activity at these faults. Also, recent seismicity in the area includes several (at
least 5, >Mw5, since July 2016) earthquakes with an average depth of ∼ 5 km near the faults at
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both Miravalles and Tenorio volcanoes. If the boundary is near this area, deformation from the
recent seismicity could be detected with InSAR, or if there is aseismic slip along the faults it can
be recognised in the region.
We know from GPS studies (e.g., Feng et al., 2012), that the forearc sliver behaves as a rigid
block. The InSAR spatial resolution provides observations that can help identify if this behaviour
is continuous along the sliver boundary or if it varies. The nature of the boundary can be observed
in terms of the definition of the boundary. Is it a singular, well-defined fault, or is it a zone of
distributed deformation? These types of analysis using InSAR are further discussed in chapter 3.
2.6.2 Is there active volcanic and/or hydrothermal deformation along the
volcanic arc, that has not been recognised by the current seismic and
GPS networks in Costa Rica?
Costa Rica currently monitors the volcanic activity based only on its seismic station network. If
seismic activity occurs at a volcano, then other geophysical and geodetic equipment is installed to
deepen the knowledge of the source of the seismicity. The areas near the volcanic arc in Costa Rica,
are of great economical importance due to agricultural (rice, coffee, cattle raising) and industrial
activities (geothermal and hydrothermal power plants). Due to the daily activities in the area, it
is important to monitor the region frequently and broadly. Not all deformation is detected from
only seismic data, so a good alternative is to analyse remote sensing images periodically, because
the activity of volcanoes can vary through time. The current availability of images in the area
differs for each satellite. It is possible to obtain images at least every 24 days from Sentinel 1
satellite. However, C-Band images are not the best images to generate interferograms of areas
covered by dense vegetation, meaning the coherence is poor (see chapter 1) or areas with dynamic
atmosphere, as occurs in Costa Rica. By analysing the available data from remote sensing
satellites (ALOS-2 and Sentinel-1 InSAR images) and the growing number of images available,
monitoring can be initiated with methods such as: small baseline interferometry, persistent
scattering time series to help improve the quality interferograms. This would contribute to
document any deformation on the volcanoes and is discussed further in Chapter 5.
2.7 Conclusions
This review chapter of the Central American seismogenic zones provided scientific questions
that can be studied and better understood by applying methods using InSAR in the region. The
main active zones of continental deformation in the region are located near the Central American
Volcanic Arc and at the boundary regions of Central American Sliver. In these areas, we can find
deformation related to volcanic activity and active faulting systems along the boundary of the
forearc sliver. For applying InSAR we suggest the inner boundary of the tectonic sliver based on
recurrent seismicity and the GPS vector velocities on both sides of the region. As a consequence
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of this review, a detailed InSAR study was applied to analyse deformation related the Bijagua
Mw5.4 earthquake, that occurred on July 3, 2016, at the inner boundary of the Guanacaste
forearc sliver, between the Caño Negro and Upala faults (see Chapter 3). In terms of volcanic
activity, we applied multi-temporal InSAR methods in order to study the deformations related to
activity a geothermal field between the Guayabo caldera and the Miravalles Volcano (see Chapter
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Abstract
Tectonic slivers form in the overriding plate in regions of oblique subduction. The inner
boundaries of the sliver are often poorly defined and can consist of well-defined faults, rotating
blocks or diffuse fault systems, which pass through or near the volcanic arc. The Guanacaste
Volcanic Arc Sliver (GVAS) as defined by Montero et al. (2017), is a segment of the Central
American Forearc Sliver, whose inner boundary is the ∼ 87 km long Haciendas-Chiripa
Fault System (HCFS), which is located ∼ 10 km behind the volcanic arc and consists of
strike slip faults and pull apart steps. We characterise the current ground motion on this
boundary by combining earthquake locations and focal mechanisms of the 2016 Bijagua
earthquake sequence, with the surface ground deformation obtained from Interferometric
Synthetic Aperture Radar (InSAR) images from the ALOS-2 satellite. The coseismic stack
of interferograms show ∼ 6 cm of displacement towards the line of sight of the satellite
between the Caño Negro fault and the Upala fault, indicating uplift or SE horizontal surface
displacement. The largest recorded earthquake of the sequence was Mw 5.4, and the observed
deformation is one of the smallest earthquakes yet detected by InSAR in the Central American
region. Forward and inverse models show the surface deformation can be partially explained
by slip on a single fault, but it can be better explained by slip along two faults linked at
depth. The best-fit model consists of 0.33 m of right lateral slip on the Caño Negro fault
and 0.35 m of reverse slip on the Upala fault, forming a positive flower structure. As no
reverse seismicity was recorded, we infer the slip on the Upala fault occurred aseismically.
Observations of the Bijagua earthquake sequence suggests the forearc sliver boundary is a
complex and diffuse fault system. There are localised zones of transpression and trantenssion
and areas where there is no surface expression suggesting the fault system is not yet mature.
Although aseismic slip is common on subduction interfaces and mature strike-slip faults, this
is the first study to document aseismic slip on a continental tectonic sliver boundary fault.
Keywords
Radar interferometry – Continental margins: convergent – Continental tectonics: strike-slip –
Dynamics: seismotectonics.
3.1 Introduction
When tectonic plates converge obliquely, the slip is partitioned into a trench perpendicular
component taken up by subduction and a trench parallel component accommodated within the
overriding plate (e.g., Jarrard, 1986; McCaffrey, 1996a). This leads to the formation of a tectonic
sliver or microplate, which typically acts as a rigid block between the trench and a bounding fault
system. In some cases, the boundary fault system consists of one or more strike slip faults, such as
the Sumatra Fault that bounds the Sumatra forearc (e.g., Bradley et al., 2017), the Tarera-Aiduna
fault system that bounds the Irian Jaya forearc (e.g., McCaffrey, 1996b), and the Liquine-Ofqui
faults that bounds the Central and Southern Chilean forearcs (e.g., Lavenu and Cembrano, 1999).
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In other cases, the trench parallel component of motion is accommodated by block rotation, such
as in the Mentawai forearc sliver off Sumatra (Berglar et al., 2017), the Aleutian forearc (Geist
et al., 1988), the Cascadia forearc (e.g., Wells et al., 1998) and the segmented forearcs of El
Salvador and Nicaragua (e.g., Turner et al., 2007; Alvarado et al., 2011). The boundary fault
system often lies through the thermally-weakened volcanic arc, but in the case of the Guanacaste
Volcanic Arc Sliver (GVAS) in Costa Rica, it is ∼ 10 km into the backarc (Montero et al., 2017).
Analysis of the earthquakes in forearc regions can be used to delineate fault systems and
characterise the relative motion. Our analysis of the USGS earthquake catalogue shows that
tectonic sliver boundaries commonly have moderate strike-slip earthquakes (up to Mw6.5) on
mature boundary faults and smaller (<Mw 5.0) earthquakes on the leading edges, trailing edges
and on diffuse boundary fault systems (Survey, 2017). The pattern of seismicity typically shows
strike slip events along the volcanic arc, with compression at the leading edge and extension
at the trailing edge of the sliver (e.g. McCaffrey, 1996a; Wang, 1996; Wells and Coppersmith,
1994; Lewis et al., 2008; Becker et al., 2010; Haq and Davis, 2010). This is illustrated well by
the Cascadia forearc, which experienced two reverse faulting events in Washington (the 2017
Mw 4 Belfair earthquake and the 2014 Mw4.1 Seabeack earthquake) and a normal faulting
earthquake in Oregon (the 1993 Mw6.0 earthquake) (e.g., Braunmiller et al., 1995; Wang, 1996).
Aseismic motion is often observed on major strike slip faults, (e.g. San Andreas Fault, Jolivet et al.
(2015); Hayward Fault, Harris (2017); North Anatolian Fault, Rousset et al. (2016)). However, no
aseismic motion has yet been detected at tectonic sliver boundaries where slip rates are typically
lower and aseismic motion may be harder to detect.
In this study, we focus on the Guanacaste Volcanic Arc Sliver (GVAS) Costa Rica, which
formed as a result of the oblique plate convergence of the Cocos Plate beneath the Caribbean
plate, at a rate of ∼ 88 mm yr−1 and angle of N 23° E (e.g., DeMets, 2001)(Figure 3.1). The
obliquity (angle between the strike of the plate boundary and the plate displacement vector)
in this part of Costa Rica is <15° (e.g., McCaffrey, 1996a) and the GVAS moves as a relatively
rigid block with a velocity of ∼ 8 to 11 mm yr−1 to the N45° W, relative to the Caribbean plate
(e.g., DeMets, 2001; Norabuena et al., 2004; Feng et al., 2012). The NE boundary of the GVAS is
thought to be the Haciendas-Chiripa fault system (HCFS), which is a NW-SE striking fault system
(Montero et al., 2017). The link between this fault system and the Central Costa Rica Deformed
Belt (CCRDB) (Marshall et al., 2000), is not well defined, due to the lack of surface expression
and low seismicity rates. In this study, we used an interdisciplinary approach (seismology and
geodesy) to investigate a seismic sequence that occurred on July 3rd, 2016 around the HCFS.
Our goal is to analyse the deformation associated with the earthquake sequence using InSAR
data, in order to obtain the fault source geometry and to relate the seismicity in the area to the
mechanisms of sliver transport and regional tectonics. The largest earthquake in the sequence
was Mw 5.4, making this one of the smallest earthquakes ever detected with InSAR in the Central
American region (e.g., Funning and Garcia, 2018).
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Figure 3.1: Tectonic setting of the Guanacaste Volcanic Arc Sliver (GVAS), which is shown as
a red shaded area. The study area is shown by the black unfilled square. Dark red arrows are
the Feng et al. (2012) trench parallel velocity vectors shown with respect to the stable Caribbean
Plate. The blue lines are the fault of the Haciendas-Chiripa Fault System (HCFS). The yellow
polygon represents the Central Costa Rica Deformed Belt (CCRDB). The red unfilled bounding
box shows the frame of track 144 of ALOS-2 satellite images used for this study.
3.2 Tectonic background
3.2.1 The Haciendas-Chiripa Fault System
Based on GPS velocity vectors, Feng et al. (2012) proposed that the NE boundary of the GVAS
is located within the volcanic arc. However, given the GPS station spacing in this area, the
deformation could occur anywhere within a region spanning ∼ 30 km. More recently, Montero
et al. (2017) suggested that the sliver motion is accommodated by the Haciendas-Chiripa fault
system (HCFS), which is located parallel to and ∼ 10 km NE of the volcanic arc. This backarc
area consists of highly sheared Quaternary volcanic deposits and the trace of the HCFS offsets
drainages and deflects streams by hundreds of meters, indicating recent lateral motion (Montero
et al., 2017), (Table 3.1). The HCFS is composed of six NW striking faults, named from North to
South: Haciendas, Caño Negro (CNF), Upala (UF), Chiquero, Cote-Arenal, and Chiripa faults
(Table 3.1 and Figure 3.2 - A). The fault system includes two major steps, with pull apart basins
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Table 3.1: Field description of the fault geometry of the Haciendas-Chiripa Fault system based on
Montero et al. (2017).
Fault name Length (km) Strike Motion Field characteristics
Haciendas 32 N60° W Right lateral Steeply dipping, strong right deflec-
tion of the Haciendas river.
Caño Negro 42 N41° W Right lateral Abundant right deflecting streams
and Pizote and Caño Negro rivers.
Upala 4.8 N22° W Reverse Clear fault scarp, surface slopes
tilted southward, with ignimbrite
unit with a dip angle >70°.
Chiquero 17 N60° W Right lateral Clear fault scarps
Cote-Arenal 20 N56° W Right lateral Clear fault scarps
Chiripa 12 N66° W Right lateral Clear fault scarps
between the CNF and Chiquero Faults (<100 m2), and another between the Haciendas Fault and
the CNF. The 2016 Bijagua earthquake sequence occurred around the SE end of the CNF, near
the step located between the Caño Negro and the Chiquero faults (see Figure 3.2 - B). The Caño
Negro and Chiquero faults are both right-lateral and mapped as near vertical with dips between
80° and 90° (Montero et al., 2017). The Upala fault is mapped as a South dipping reverse fault
with an ignimbrite unit dipping >70° S and with open cracks parallel to the fault trace.
Figure 3.2: The Haciendas-Chiripa Fault System. A- The inverted grey triangles are the seismic
stations used to locate the earthquakes, and the black box is the study area shown in B. B-
Recorded seismicity near Caño Negro and Chiquero faults from the year 2000 to 2018 shown in
grey unfilled circles. The red circles and focal mechanisms belong to the July to October 2016
earthquake sequence, and the yellow filled circles and focal mechanisms are from the 2002
earthquake sequence.
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3.2.2 Earthquake catalogue
The National Seismological Network (RSN) of Costa Rica has over 90 recording stations in the
Guanacaste region and has detected persistent seismicity since the catalogue began in 1973
(Figure 3.2 - A). 475 events were recorded and manually located from a minimum of 8 stations
and with a maximum distance to the station of ∼ 50 km from the hypocentre. The events were
shallower than 20 km deep, with a minimum Mw 1.6 and maximum of Mw 5.4. For the location a
VP /VS velocity ratio of 1.72 was used and the magnitudes were calculated from the instrument
corrected displacement spectrum (using the flat spectral level and corner frequency) at 6 stations.
The velocity model used is a 1D P-wave velocity model of six layers generated for the Guanacaste
Volcanic Arc, which is well constrained between ∼ 3 and 38 km depth (Araya et al., 2016). The top
layer was difficult to constrain as it has inherent errors introduced by the assumption of laterally
homogeneous crustal layers. The average relative errors of the relocated earthquakes with this
velocity model are: ∼ 74 m East-West, ∼ 148 m North-South and ∼ 72 m in depth (Araya et al.,
2016). From the catalogue of 475 manually located events in Araya et al. (2016), Montero et al.
(2017) relocated 279 events between March 2000 and April 2018 within ∼ 6.0 km of the CNF
using HypoDD (Waldhauser, 2001).
In January 2002, a four-day sequence of earthquakes occurred to the SW of the Caño Negro
and Chiquero faults. The first and largest earthquake of the sequence was a Mw 5.4 earthquake,
(the ‘main event’), followed by 150 detected aftershocks (Taylor et al., 2002). Taylor et al. (2002)
reported that twenty-one of these aftershocks were felt by the local populations (e.g. in the towns
of Upala and Bijagua), which had magnitudes between Mw 3.0 and Mw 4.4, and a depth range
between 5.0 to 20 km (yellow events in Figure 3.2 - B). Local residents reported surface cracking
near the UF scarp (Montero et al., 2017). Unfortunately, no InSAR data is available to further
investigate this sequence.
On July 3rd, 2016, the Bijagua earthquake sequence occurred SW of the HCFS, ∼ 7 km to
the NE of Miravalles Volcano (Figure 3.2 - B). On this day, at least 10 earthquakes had moment
magnitudes between Mw 2.5 and Mw 5.4. The sequence occurred in an area ∼ 22 km long by ∼ 7
km wide, and between 1.8 to 8.4 km depth. This sequence is attributed to the HCFS because
it aligns with the CNF, and has no apparent relation to volcanic activity. In particular, there is
no seismicity recorded between this area and the Miravalles volcano summit and no temporal
correlation between activity. The absolute errors for the individual manual location of the 2016
main event are 102 m N-S, 560 m E-W and 280 m in the vertical and after relocation using
HypoDD (Waldhauser, 2001) the relative errors for the main event were 467 m N-S, 406 m E-W
and 419 m in the vertical (Montero et al., 2017). For the Mw 5.1, the relative errors are 282 m
N-S, 342 m E-W and 553 m in the vertical. The errors from the relocated earthquakes using
HypoDD are larger than those of the manual locations. Cross correlated waveforms between the
source and a group of stations, were used to jointly calculate the distance, assuming the events
travelled through the same path.
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Table 3.2: Earthquake source parameters of the two biggest events from the 2016 Bijagua seismic
sequence with area and slip estimated from empirical relations (see equations 3.1 to 3.4) (Leonard,
2010).
Earthquakes Mw 5.4 / 01:58 UTM (A) Mw 5.1 / 02:16 UTM (B)
Lat./Lon.(°) 10.759/−85.062 10.759/−85.062
Hypocentral depth (km) 1.9 8.0
Magnitude (Mw) 5.4 5.1
Seismic moment (Nm) 1.60 x1017 5.68 x1016
Azimuthal strike (°) 139 359
Dip (°) 85 51
Rake(°) 180 −97
Estimated length and width (m) 5050 3550
Area (km2) 25.5 12.6
Estimated slip (m) 0.19 0.14
In this study, we focus on the two largest events of the 2016 earthquake sequence, for which
focal mechanism solutions were obtained by Montero et al. (2017). The double couple earthquake
focal mechanisms were determined by manually picking the polarities of the first arrival recorded
at each station, using the location of the source and the incidence angles (Montero et al., 2017).
We estimated additional source parameters using the empirical equations of Leonard (2010) for
strike slip and dip slip faults. We used the moment magnitude (Mw), to calculate the seismic
moment (Mo) (Equation 3.1), and to estimate the length(L), area (A) and slip (S) (Equations 3.2,
3.3 and 3.4 respectively, Table 3.2).




All the other events in the sequence were of smaller magnitudes (<Mw 4.0) and are unlikely to
have contributed to the surface deformation. Event A (Mw 5.4) and event B (Mw 5.1) occurred ∼ 20
min apart in time, and <400 m apart horizontally, at depth of ∼ 1.9 km and ∼ 8 km, respectively.
Event (A) had a strike slip focal mechanism with near vertical nodal planes, striking NW-SE and
NE-SW. The event (B) focal mechanism solution corresponds to a normal faulting earthquake
with NS-striking nodal planes (Figure 3.2 - B).
3.3 InSAR analysis
3.3.1 Processing and data
For this study, we processed SAR images of the Guanacaste region of Costa Rica acquired in
2015 and 2016. The study area includes the HCFS, the 2016 Bijagua earthquake sequence,
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Table 3.3: Temporal baseline, coherence and RMS for the three preseismic, and the three coseismic
ALOS-2 interferograms and for the preseismic and coseismic stacks.
Interferogram Date 1 Date 2 Days Coherence % ⊥ Baseline (m) RMS (cm) RMS (cm) corrected
P-1 09/04/2015 10/09/2015 154 99 218 11.7 2.7
P-2 10/09/2015 14/01/2016 126 94 76 13.2 1.7
P-3 14/01/2016 07/04/2016 84 99 187 10.8 3.3
I-1 14/01/2016 28/07/2016 196 99 42 9.8 2.3
I-2 07/04/2016 28/07/2016 112 96 −146 5.5 2.9
I-3 07/04/2016 20/10/2016 196 99 −211 2.9 2.6
Pre-Stack 09/04/2015 10/09/2015 364 93 − 0.1 0.1
Stack 14/01/2016 20/10/2016 280 97 − 0.8 0.8
the Miravalles Volcano and national parks covered by tropical forests with dense vegetation.
We used ALOS-2 PALSAR images from the Japanese Aerospace Exploration Agency (JAXA),
which is equipped with an L band radar instrument (1.2 Hz sensor, ∼ 23.6 cm wavelength).
The L-band wavelength penetrates vegetation and acquires more stable ground scatterers than
shorter wavelength systems, hence it is less affected by decorrelation between images in densely
vegetated regions. The major challenge with using this satellite is the long repeat intervals, and
the fact that L-band is strongly affected by charged particles in the ionosphere. We also tested
C-Band Sentinel 1A interferograms with a shorter time baseline (24 days), but they were not
coherent enough to analyse (<30% coherence), as is common between Latitude 15° N and 15° S,
due to the dynamic atmosphere in these tropical latitudes and the dense vegetation and high
water vapour (e.g. Funning and Garcia, 2018).
We use six ALOS-2 images from the descending track 144, with a heading of ∼ 191° and an
angle of incidence ∼ 43°. Repeat intervals were ∼ 84 to 196 days between acquisitions, at a sensing
time of ∼17:26 UTM (i.e. Figure 3.3 - A). The images used were taken between April 2015 and
October 2016, from which we generated three interferograms before the seismic sequence, and
three interferograms spanning the Bijagua earthquake sequence (Table 3.3), using the GAMMA
remote sensing software package (Werner et al., 2000). To remove the topographic effect, we
used a digital elevation model (DEM) with a 30 m resolution from the Shuttle Radar Topography
Mission (SRTM) (Farr et al., 2007) (Figure 3.3 - B). Given that we only have images from a
descending track, the ground deformation measurements in this study are all in the descending
line of sight (LOS) of the satellite (towards or away from the satellite), therefore we cannot obtain
3D vectors for the ground displacements (Wright et al., 2004).
3.3.2 Corrections
Each interferogram measures phase change between two consecutive images, which can be
caused by a variety of factors: surface deformation, differences in the position of the satellite,
thermal variations of the satellite during the acquisition, topographic effects, scatterer movement,
and changes in atmospheric conditions (e.g. water vapour, aerosols) (e.g. Bürgmann et al., 2000;
Funning and Garcia, 2018). To measure deformation associated with small earthquakes (<Mw 6)
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from an interferogram, it is first necessary to reduce errors (e.g. Yu et al., 2018a,c). To reduce the
white noise (thermal noise and loss of correlation), we filtered the interferograms with adaptive
spectral filtering (Goldstein and Werner, 1998). Since coherence is particularly challenging in this
densely vegetated region, we filtered twice with α=0.4, before unwrapping the interferograms.
We used a 30% coherence threshold for masking pixels before unwrapping. We then unwrapped
the phase using a minimum cost flow algorithm, with Delaunay triangulation (e.g., Wegmuller
et al., 2002; Costantini and Rosen, 1999) (Figure 3.3 C).
Figure 3.3: Example interferogram spanning from 2016047 to 20160728 showing the different
stages in the processing, topography and corrections applied. A- Wrapped interferogram before
corrections. B- The 30-m digital elevation model (DEM) used to remove topographic effects.
C- Unwrapped interferogram before the atmospheric corrections. D- Atmospheric contribution
estimated by GACOS. E- Orbital ramp. F- Unwrapped corrected interferogram. Note that the red
colour indicates a range decrease and the blue colour indicates a positive range increase from the
satellite line of sight.
Atmospheric corrections can be particularly important in areas with high topographic gradi-
ents in tropical regions because low magnitude or deep seismic events can produce the same order
of magnitude signal as tropospheric delays (e.g., Yu et al., 2018a). Water vapour concentration is
vertically stratified through the atmosphere, where delays can be lower at summits and higher
at low altitudes (e.g., Massonnet and Feigl, 1998). Thus, the pattern often correlates with the
elevation contours. In contrast, if water vapour content is distributed in a turbulent way, it can
create random, spatially correlated patterns (e.g., Hanssen, 2001; Ebmeier et al., 2013; Parker
et al., 2014).
To estimate the atmospheric contribution, it is necessary to characterise the pressure, temper-
ature and water vapour at the acquisition time of each image. For this study, tropospheric delays
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were estimated using the Generic Atmospheric Correction Online Service for InSAR (GACOS)
(Yu et al., 2018b) (see Figure 3.3 - D). GACOS uses the high-resolution weather model from the
European Centre for Medium-Range Weather Forecasts (HRES-ECMWF) with a model spacing of
∼ 9 to 12 km every 6 hours and an Iterative Tropospheric Decomposition (ITD) model to separate
the tropospheric turbulence and elevation dependent signals. It interpolates these using the
SRTM DEM to produce maps of zenith delay at a resolution of 90 m (e.g., Yu et al., 2018c,b).
After the atmospheric corrections, we corrected for a long-wavelength orbital error caused by
the variations in the geometry of the satellite (position or small accelerations) between acquisi-
tions and/or ionospheric effects (e.g., Fielding et al., 2018). We inverted for a two-dimensional
linear empirical approximation for these variations (Parker et al., 2014) and subtract the results
(Figure 3.3 - E).
After the unwrapped interferogram is corrected for atmospheric and geometric effects, we
masked out incoherent pixels using a threshold of <30% coherence. To assess the overall level of
coherence, we quantified the percentage of coherent pixels in our area of study, and found >90%
over the three coseismic interferograms (Table 3.3). In contrast, we obtained <27% coherence in
48 day interferograms using Sentinel-1A images (C-band sensor, ∼ 5.6 cm wavelength).
3.3.3 Individual interferograms
We produced three interferograms (I1, I2, I3) spanning the 2016 earthquake sequence (Figure
3.4 and Table 3.3). The wrapped interferograms are shown in Figure 3.4 A, B and C and the
unwrapped interferograms in Figure 3.4 D, E and F. A range decrease or displacement towards
the satellite is shown in red, and blue represents a range increase or displacement away from the
satellite.
The GACOS tropospheric delay maps used to correct the interferograms had maximum LOS
displacement contributions of ∼ 2.8 cm in I-1, ∼ 8.7 cm in I-2 and ∼ 4.1 cm in I-3. The linear ramps
had maximum contributions of ∼ 24 cm, ∼ 7.8 cm and ∼ 3.4 cm, respectively over distances of <30
km. I-1 and I-2, have a clear linear ramp in a NE to SW direction, following the azimuth direction
of the satellite. After corrections, the root mean square (RMS) for each interferogram decreased
by 7.45 cm, 2.51 cm, 0.22 cm, respectively, showing a greater decrease on the interferograms that
showed larger RMS before correction (Table 3.3). There is no correlation between the coherence
and the temporal baseline, suggesting seasonal variations are more significant than temporal
baselines alone (e.g., Ebmeier et al., 2013).
All the obtained interferograms show ∼ 1 cycle or fringe (∼ 12 cm) of deformation in the line
of sight (LOS) in an area of ∼ 30 km2 between the CNF and the UF. The signal in I-2 is clearer
than in I-1 or I-3; we attribute this to a smaller temporal baseline between acquisitions, even
though I-1 and I-3 have better overall coherence. As I2 has the shortest temporal baseline, with
nearly the same magnitude and pattern signal as the other interferograms, we can infer that
the bulk of the deformation occurred within the first ∼ 25 days after the Bijagua sequence, (i.e
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from July 3rd to July 28). Interferograms I1 and I3, (Figure 3.4 - D and F), were generated from
independent pairs of images, confirming the signal cannot be attributed to atmospheric artefacts.
The peak deformation signal corresponds to a range decrease along the LOS, which implies a
E-SE horizontal or uplift motion of the area between the Caño Negro and Upala faults, with the
signal decreasing away from the faults.
Figure 3.4: The three coseismic interferograms between January 2016 to October 2016. First row
(A-B-C): The three wrapped interferograms A(I-1), B(I-2) and C(I-3). Second row (D-E-F): The
three unwrapped interferograms D(I-1), E(I-2) and F(I-3). The blue box bounds the reference area
and the asterisks is the location of the two biggest events. The black lines are the local faults.
Note that the red colour indicates a range decrease and the blue colour indicates a positive range
increase from the satellite line of sight.
Small differences in the deformation pattern can be seen between interferograms. For example,
interferogram I3 has a small negative range change (red) on the SW side of the CNF, that is not
present in I1 or I2. As I2 and I3 share the image acquired on the 7th of April 2016, we conclude
that this signal is caused by a turbulent atmospheric effect on the 20th of October 2016 (Figure
3.4 - F).
3.3.4 Stacked data
To further reduce atmospheric noise and other random noise, we averaged the interferograms
assuming the same deformation signal is present in each (Table 3.3) (e.g., Emardson et al.,
2003). We generated two stacks: 1) a one year stack of three interferograms before the 2016
Bijagua earthquake sequence (from April 2015 to April 2016) and 2) a stack composed of three
interferograms that span the earthquake sequence (from April 2016 to October 2016)(Figure
3.5 - A and B, respectively). The preseismic stack shows no signal of ground deformation in the
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area. The coseismic stack has a deformation pattern similar to the three individual interfero-
grams. The coseismic stack better defines the area of deformation than the individual coseismic
interferograms, and shows that the deformation signal is concentrated between the UF and CNF,
but extends towards the Chiquero Fault (Figure 3.5 - B). On the SW side of the CNF, the small
turbulent signal observed in I3 remains, but with a smaller magnitude, reinforcing the conclusion
that the signal is caused by turbulent atmospheric effect. On this side of the CNF we observe
subsidence or NW horizontal motion, that extends along the CNF and towards the Chiquero fault
(Figure 3.5 - B).
The RMS of the coseismic stack is <1 cm, which is significantly smaller than the maximum
deformation signal (∼ 6 cm) (Table 3.3). In contrast, the RMS noise of the individual interfero-
grams before the corrections were between 3 and 9 cm, meaning the deformation pattern would
have been hard to distinguish.
Figure 3.5: Averaged LOS displacement field from ALOS-2 interferograms. A- One year pre-
seismic stack of three interferograms (April 2015 to April 2016). B- Coseismic stack of three
interferograms (April 2016 to October 2016). Blue boxes at −85° Longitude are the reference
areas and the asterisks is the location of the two biggest events from the seismic sequence. Note
that the red colour indicates a range decrease and the blue colour indicates a positive range
increase from the satellite line of sight.
3.4 Source mechanism
We investigate the source mechanism for the 2016 Bijagua earthquake sequence by producing
forward models of the ground deformation expected based on the seismic catalogue and inverse
models using known fault geometry. Our aim is to compare the geodetic models to the seismic
and geologic information to characterise and constrain the parameters of the active faults and
their relationship to the HCFS and the regional tectonics. First, we generate forward models
using the earthquake locations, focal mechanisms, and magnitudes to estimate the expected
46
3.4. SOURCE MECHANISM
deformation for the two biggest events (A, B). Then we inverted the InSAR data using a linear
inversion method to obtain the amount and distribution of slip on the known faults.
3.4.1 Forward modelling
We estimate 3D ground displacements for events A and B (1 - 2) using the Okada (1985) model
for shear motion on a rectangular plane dislocation in a homogeneous elastic half-space, using
Lamés constants λ and µ of 32 GPa. Then, we projected the 3D surface displacement field into
the satellite LOS to produce a synthetic interferogram using a heading of −169° and an incidence
angle of 43°. The nine source parameters used are latitude and longitude, length, strike, dip,
rake, slip, top and bottom depth (Table 3.2). The source parameters were obtained from seismic
analysis of the earthquakes (focal mechanisms) and earthquake scaling relations (slip and length)
assuming a square rupture area (Equations 3.1 to 3.4). Due to the high density of seismic stations
in the area, the relative locations are more accurate than located with the global network (see
section 1.1). For the main event (A), we assumed a square rupture patch of 25.5 km2 and a
horizontal slip of 0.19 m obtained from scaling relations based on Leonard (2010) (see Table 3.2).
This is only a small section (5 km length) of the much larger CNF. The forward model is based on
the seismic location of the main event and errors in the absolute seismic location and possibly
the dip of the fault plane mean that the deformation is not aligned with the surface trace.
The forward model of the largest earthquake (A), shows four main lobes of deformation near
the SE end of the CNF trace, as is characteristic for a N-S strike slip fault (Figure 3.6 - A). The
deformation lobes on the SW block have diffuse patterns, that decrease gradually over a distance
of ∼ 7.0 km. The lobes over the northern block have sharper deformation patterns close to the
fault trace. The southern and eastern lobes show a range decrease of ∼ 5.4 cm and the northern
and western lobes show a range increase of ∼ 7.3 cm. The difference in the signal pattern between
the SW and NE blocks from the CNF is influenced by the sensitivity of the LOS to the vertical
and horizontal components of displacement, creating an asymmetric pattern (Funning et al.,
2005).
The focal mechanism for event B (Mw 5.1) shows a normal fault striking NS, with one of the
possible fault planes dipping to the West (B1) and a second dipping to the East (B2), consistent
with the pull apart structure described in section 1.1. We made forward models for both nodal
planes, (Figure 3.6 - B1 and B2). Figure 3.6 - B1, shows the forward model for the West dipping
nodal plane solution with a maximum ground displacement of ∼ 1.4 cm away from the LOS.
This ground displacement is located on the CNF, and covers an area of 13 km x 9 km (115 km2).
Figure 3.6 - B2, shows the forward model for the East dipping nodal plane, which shows a similar
pattern of deformation as in B1 but the deformation is now located between the UF and Chiquero
faults. The predicted displacements are much smaller (<1 cm) than for event A due to the much
greater depth.
To illustrate the deformation pattern expected from the entire sequence, we combined the
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Figure 3.6: Forward models for the deformation expected based on seismic observations of the
2016 Bijagua earthquake sequence (Table 3.2). A- forward model for the main event (A). B- (1
and 2) are forward models for each of nodal plane solutions of the Mw 5.1. C- (1 and 2) are the
synthetic models of the combined main events, where C1 shows the solution with the W dipping
nodal plane in B1, and C2 shows the solution for the E dipping nodal plane in B2.
displacements of the individual events: C1 represents the combination of W-dipping B1 with
event A, and C2 representing the displacements for the E-dipping B2 with event A (Figure 3.6 -
C1 and C2). The pattern of LOS deformation predicted by the forward models (Figure 3.6) is very
different to the observed pattern in the coseismic stack (Figure 3.5 - B). Although the predicted
displacement is ∼ 6 cm of uplift, the spatial pattern is very different, as it covers a much smaller
area than the deformation observed and is confined to just one block. Event A is shallower and
dominates the predicted deformation pattern, with uplift or SE horizontal displacement at the
SE end of CNF. One possibility is that aseismic slip (either coseismic, after slip or a slow slip
event) contributed to the deformation pattern but was not recorded by the seismic network.
3.4.2 Inverse models
Next, we use a linear inversion procedure to estimate the amount and distribution of slip along
faults of known geometry. We used the MATLAB coded “SlipInv" (Funning, 2005) that estimates
the distribution of slip using a linear inversion of the geodetic data. We assumed the dislocation
occurred along rectangular fault planes, on a homogeneous elastic medium, with the elastic
Lamés constants λ, and µ, used for section 4.1. We use the geometry of Montero et al. (2017)
to define the fault geometry to test models that consider slip on one fault (CNF or UF), or on
both faults. We discretise each fault plane into patches of 200 x 200 m (Figure 3.7 - A, Table
3.4). The ground displacement data used for the inversion is the coseismic stack (Figure 3.7 -A)
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Table 3.4: Fault geometry parameters used for the inversion of the amount and distribution of
slip and the resulting residuals. The fault parameters are based on (Table 3.1) and grid search
for the dip of the Upala fault.
Fault Dip(°) Fault length (km) Fault bottom depth (km) Fault patches RMS (cm) Max slip (m) Total Mo (Nm)
CNF 90 10 4.8 1200 1.62 0.71 5.9 x 1016
UF 35 9.0 2.6 585 1.64 0.45 5.9 x 1016
CNF & UF 90/ 35 10/9 4.8/2.6 1795 1.47 0.33 / 0.35 1.5 x 1017
subsampled into 1521 points, from the 66524 interferogram points, using a quadtree algorithm
(Jonsson et al., 2002).
Figure 3.7: Comparison between three ground displacement models with the residuals between
the data obtained and the proposed model. A- The coseismic stack, resampled using quadtree
algorithm. B, C and D show the model of displacement of B) CNF, C) UF and D) both faults. E, F
and G show the residual for E) CNF, F) UF and G) both faults.
The fault geometry of the CNF is considered vertical (90° dip), with a strike of S50 °E, right
lateral strike slip motion, a length of 10 km and bottom depth of 4.8 km (Figure 3.7 - B). There
are no focal mechanisms or recorded seismicity near the Upala fault and so the dip at depth is
unknown. We did a grid search for dip angle from 20° to 70° in steps of 5°. For both models that
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consider the UF, the lowest RMS is obtained for a 35° dip of the UF. The UF geometry used is
9 km length, striking ∼S68°E. For this geometry, the CNF and UF intersect at a depth of ∼ 2.6
km (Figure 3.7 - C). We test models for a) pure right lateral slip on the CNF only, b) pure thrust
motion one the UF only and c) slip on both the CNF and UF. We also did a grid search for the
rake of both faults, from 160° to 200° for the CNF and from 70° to 110° for the UF and find that
the slip on the CNF is near pure right lateral slip and near pure reverse slip on the UF, so the
rake was fixed to exclude oblique motion in the subsequent models.
The inversion results show the key features of the deformation pattern can be explained
by either single fault models with a similar misfit (∼ 1.64 cm), but that each model explains
different aspects of the deformation pattern. The Caño Negro single fault model has two slip
patches, one main slip patch has a rupture area of 6.6 km2 at ∼ 3.0 km depth, and has maximum
0.71 m of right lateral slip located under the main deformation lobe between the CNF and the
UF. The second patch has a rupture area of 0.66 km2 at ∼ 0.80 km depth, located under the
NW deformation lobe (Figure 3.7 - B, E and Figure 3.8 - A). The Upala single fault model shows
an elongated slip patch of 6.2 km2 at ∼ 2.0 km depth and a maximum of 0.45 m of reverse slip
located at the bottom of the fault plane, near where the Upala fault meets the CNF (Figure 3.7 -
C, F and Figure 3.8 - B). This model explains the deformation pattern between the faults better
than the Caño Negro single fault model, but it does not explain the second lobe of deformation
located to the W of the UF (Figure 3.7 - F).
The two-fault model explains both deformation lobes and with a smaller misfit (1.47 cm) than
the two single fault models (Table 3.4, Figure 3.7 - D, G and Figure 3.8 - C). The best fit result has
slip on the Caño Negro Fault distributed in two patches on the fault plane, with a right lateral
slip direction (Figure 3.8). The SE patch is 5.9 km2 with a maximum slip of ∼ 0.19 m at ∼ 4 km
depth, equivalent to 3.65 x 1016 Nm geodetic moment or Mw 4.9. The NW patch is ∼ 4 km2, with
a maximum ∼0.33 m slip at ∼1 km depth, equivalent to 4.22 x 1016 Nm geodetic moment or Mw
4.9. The total geodetic moment on the CNF is 7.88 x 1016 Nm, equivalent to a Mw 5.1 earthquake.
For the Upala fault, the two-fault model shows one elongated patch of reverse slip, this type of
motion has not been observed at any recorded seismic event near this area. The slip patch area is
∼ 6.2 km2 with a maximum of ∼ 0.35 m of reverse slip at a depth of ∼ 2.2 km. The total geodetic
moment associated with the Upala fault is 6.9 x 1016 equivalent to a Mw 5.0 earthquake.
3.5 Discussion
The seismic records are used to calculate the ground deformation expected from the recorded
earthquakes. In the study region, we know there are higher uncertainties from events located
at depths <3 km, when using the 1D velocity model from Araya et al. (2016). As the main event
is a Mw 5.4 earthquake, located at 1.9±0.28 km depth, ground deformation is expected. The
deformation observed with geodesy can be used to locate the source with lower uncertainties
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Figure 3.8: Geodetic models of distributed slip on the HCFS faults during the Bijagua seismic
sequence. A- Caño Negro single fault model. The CNF fault is modelled as vertical, 10 km length,
and the bottom depth at 4.8 km. B- Upala Fault single fault model of slip distribution. The UF is
modelled with 35° dip, with a length of 9.0 km and the bottom depth at 2.6 km. C- The two-fault
model of slip distribution. D-Perspective view of slip on the two-fault model. Top red line on
each plane represents the surface of the Earth. A cross section of the fault geometry is shown in
(Figure 3.9).
and better characterise the source. The second largest event is a Mw 5.1 earthquake located
at 8±0.55 km depth, at a depth better constrained by the 1D velocity model, from which very
little (<1.5 cm) ground deformation is expected. The coseismic interferograms spanning the 2016
Bijagua earthquake sequence show ∼ 6 cm between the Caño Negro, Upala and Chiquero faults
(Figure 3.9 - B), in the line of sight of the descending track of the satellite, which could be uplift
or SE horizontal motion. Here we consider the relationship between the deformation and the
two largest earthquakes of the seismic sequence (events A and B) that occurred at the SE of the
CNF trace, as they are the only ones large and shallow enough to generate detectable ground
deformation (Funning and Garcia, 2018). In Figure 3.9, we plot the displacement in the LOS as a
13 km long cross section (P’ - P”) from the NW-SE striking Caño Negro towards the Upala Fault,
showing the hypocentre of the seismic events. The cross section shows clearly that the location of
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deformation coincides with the area between the CNF and UF. From the geodetic inversion, we
obtained a maximum reverse slip of 0.35 m on the UF, which is slightly larger than the slip on
the CNF (0.33 m). The profile also shows that significant change of the displacement coincides
with the fault traces, with the peak displacement between the two faults. These means there
probably was no surface rupture and that the source is deep, Figure (3.9 - B).
The distribution of the slip in the best fit geodetic model shows right lateral slip on the CNF,
consistent with focal mechanism of Event A. The total geodetic moment between the two faults is
1.48 x 1017 Nm, equivalent to a Mw 5.3 event, which is comparable but slightly smaller than the
seismic estimate for event A (1.58 x 1017 Nm). Event B was deep (∼ 8 km) and probably did not
cause any detectable deformation. The direction of slip modelled on the Upala fault is reverse
and is not consistent with any recorded earthquakes during the 2016 Bijagua sequence, for this
reason we assume the slip occurred aseismically. Although, our satellite observations cannot
pinpoint the precise timing of the aseismic slip, there is no recognisable deformation signal on
the preseismic stack, and as the observed deformation appears on the shortest time baseline
interferogram (I2) (Figure 3.4 - B, E), we assume it was triggered by the strike slip event on the
CNF and occurred sometime in next the 25 days (Figure 3.9 - A, red star).
The seismic location of Event A lies ∼ 2.6 km from our geodetic solution towards N31° W,
and ∼ 300 m deeper. Although the seismic relocation process reduces the relative errors between
events in the sequence, there is often still a shift in absolute locations. However, the difference
in location could arise because the seismic location is of the first motion of the rupture, and the
geodetic location is the centroid of the rupture, in which case, the difference between locations
indicates the direction of the rupture during the event. For small events like these, it is more
likely that the difference between the locations are due to errors in the seismic locations because
one-dimensional velocity models do not consider lateral heterogeneities, and in particular for the
model used, the upper 3 km are not well constrained (Araya et al., 2016). As the in-situ location
given by InSAR is more accurate (Weston et al., 2011), we relocate the entire sequence based on
the more accurate geodetic location for Event A (Figure 3.9) and using the relative location of the
smaller events from the Hypo DD relocation. In Figure 3.9, we show the new geodetic locations
(dark read circles) of the Bijagua tectonic sequence based on the difference (red line) between the
double difference location and the geodetic location of the main event.
The distance on the surface between the CNF and UF is ∼ 3 km, and based on our slip
inversions, the slip on the Upala fault occurred at the depth near the intersection with the Caño
Negro fault. The relationship between these faults can be explained by a positive flower structure
consistent with a transpressional stress field. Aseismic displacement on a linked thrust could be
triggered by motion on a strike slip fault, if there is low friction on the reverse fault plane, or if the
reverse fault was already close to failure (e.g. Bayasgalan et al., 1999; Fielding et al., 2004). This
fault geometry is similar to that of the 1998 Mw 6.6 Fandoqa strike-slip earthquake, Iran, which
also had associated postseismic afterslip on a linked thrust (e.g. Fielding et al., 2004). In both
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cases, a strike slip earthquake triggered aseismic motion on the base of an intersecting thrust
fault, within a positive flower structure. Our observations suggest the Bijagua seismic sequence
occurred in a local transpressional zone, but as a Mw 5.1 normal motion earthquake (event B)
also occurred during the seismic sequence, it is likely that there are also local transtensional
zones, consistent with the observed pull apart basin.
3.6 Conclusions
We studied the coseismic deformation caused by a 2016 seismic sequence on the Haciendas-
Chiripa fault system associated with the Guanacaste Volcanic Arc Sliver boundary. This analysis
was performed using ALOS-2 satellite InSAR images over a period of 280 days, to compare the
results with the seismologic and geological data. Although there are challenges to using InSAR
in Costa Rica (at a tropical latitude and with dense vegetation), we have detected deformation
patterns on interferograms of an earthquake sequence with a Mw 5.4 main event, demonstrating
the potential of the technique in the area. This is one of the smallest earthquakes ever to have
been detected with InSAR in the Central American region. However, the low repeat frequency
and availability of ALOS-2 still presents a challenge in the region. In contrast, Sentinel 1A has a
better repeat frequency but suffers from decorrelation between Lat 15° N to 15° S (e.g. Funning
and Garcia, 2018).
In the past 20 years, seismicity along the HCFS has been concentrated on the SW side of
the Caño Negro and Chiquero faults, mainly with strike slip focal mechanisms, but also with
moderate normal motion focal mechanisms. The main deformation observed on three independent
interferograms from 2016 is between the Caño Negro fault (CNF) and the Upala Fault (UF),
with a maximum ∼ 6 cm of uplift or SE horizontal displacement. The forward model deformation
pattern based on seismic scaling relations and the focal mechanisms, did not fit the observed
deformation pattern. The results from an inversion of the slip distribution on the known fault
geometry found a maximum right lateral slip of 0.33 m on the CNF plane and 0.35 m of reverse
slip in the UF. We were not able to associate the motion on the UF with any recorded seismic
event, even though the geodetic moment on this fault represents 37% of the total. For this reason,
we concluded the slip on the UF occurred aseismically but triggered by the earthquake sequence.
This demonstrates the benefit of combining geodetic and seismic data. This study is the first
to report aseismic slip on a sliver boundary, this is relevant because aseismic slip is typically
associated with major transform faults or subduction interfaces.
We propose that the Caño Negro and Upala faults are linked through a developing positive
flower structure associated with the sliver boundary, which accommodates the trench parallel
slip from the oblique subduction. This flower structure may repeat or continue parallel to the
Caño Negro fault, but as no seismicity or deformation has yet occurred to prove its existence, we
limit our mapping to a length of ∼ 8 km for now. The flower structure inferred from this study has
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a geometry similar to that found in the fold-and-thrust belt of Iran, which also displays aseismic
slip on splay reverse faults linked to a major strike slip fault (Fielding et al., 2004).
Through this study we observed the Guanacaste Volcanic Arc sliver has a complex sliver
boundary, which has primary NW right lateral striking faults with a pull apart basin between
the steps of the faults and parallel reverse splay faults linked at depth. These observations
demonstrate the complexity of this inner sliver boundary, which has active transtension and
transpression occurring on different local sections of the same fault system. We recommend
further geophysical studies to improve the knowledge of the structure of the Haciendas Chiripa
Fault system and the associated seismic hazards.
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Figure 3.9: A- Summary map of the Bijagua seismic sequence. The red star is the seismic location
and the blue star is the geodetic centroid of the deformation for the main event. In dark red points
are the new locations for the rest of the seismic sequence based on the new geodetic location.
The focal mechanism (A) is the main event Mw 5.4 from 2016 earthquake sequence, and (B)
the Mw 5.1 earthquake from the same sequence. B- Cross section between P’-P”, in blue and
black lines show the displacement in the line of sight of the satellite of the co-seismic stack and
the topography, respectively. The red line shows the model of displacement in the LOS of the
two-fault model. The grey band shown in the profile is the RMS range of the phase change from
the co-seismic stack. C- Shows the inferred motions of the CNF and UF on the bottom of the
cross section and the new locations for the earthquakes of the 2016 Bijagua earthquake sequence
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Abstract
The extent and magnitude of surface deformation generated by an earthquakes depends
on the moment release, depth and location of the event, which can be estimated based on
seismological observations. However, the ability to observe ground deformation directly using
satellite InSAR is affected by the climate conditions (water vapour) and ground coverage
(dense vegetation and movement). In the tropical latitudes, the atmosphere is dynamic and
most regions are densely vegetated, making detecting co-seismic deformation challenging.
Here we perform a systematic inspection of co-seismic interferograms from Sentinel 1
SAR images, to assess the capability for co-seismic deformation detection in Costa Rica.
Using data from the seismological network, we identify five shallow earthquakes between
2016 and 2019 and depths <∼ 20 km with magnitudes >Mw 5.0. The analysed earthquakes
are the Mw 6.2 Jacó earthquake that occurred in November 13, 2017, the Mw 5.3 Tenorio
earthquake occurred in January 11, 2018, the Mw 6.2 Golfito earthquake that occurred in
August 17, 2018, and the Mw 6.0 Corredores earthquake that occurred in May 12, 2019. For
each event, forward models were produced for ascending and descending geometries, for both
nodal planes and generated 12 and 24 day interferograms where available.
The co-seismic deformation results for the Jacó and Golfito earthquakes which occurred
on the subduction interface showed uplift of at least ∼ 2 cm along the coast. The Jacó and
Golfito earthquakes have surface deformation that is smaller in magnitude by ∼ 3 cm, than
the expected from the simple forward models. Smaller earthquakes such as the Bijagua
Mw 5.4 and the Tenorio Mw 5.3 earthquakes had co-seismic interferograms with no surface
deformation directly linked to the events. The reason for this is that due to the depth (Tenorio)
and the atmospheric contribution (Bijagua) the small signals from these events may be
obscured.
These results demonstrate the capability of 12-day interferograms using Sentinel 1 in the
area, for monitoring shallow earthquakes of magnitude >Mw 6.2. This method can be used to
begin a surface deformation catalogue for the region, which will ultimately help improve the
knowledge of active deformation processes and improve hazard maps.
Key points
• Sentinel 1 interferograms were generated to observed the surface deformation of earthquakes
>Mw 5.0 in Costa Rica between July 2016 to May 2019.
• Two out of five earthquakes had interferograms with identifiable deformation associated to the
seismic events.
• The co-seismic interferograms show uplift on the coast from two subduction interface earth-




The surface deformation caused by earthquakes, depends on the magnitude, depth and location.
It is common for Central American countries to monitor seismicity with a real-time seismic
station network, but there is little or no geodetic ground-based monitoring. Only El Salvador
and Costa Rica have continuous GPS stations with a station spacing of ∼ 16 to 30 km in Costa
Rica and larger in El Salvador, and so, there is no high-spatial resolution ground deformation
catalogue for earthquakes in the region.
The accuracy of earthquake locations based on seismic records depends on the number and
location (distance to and coverage of the event) of the seismic stations, the velocity model between
the source and the stations and the detector of the arrival wave (e.g., Husen and Hardebeck,
2010). Relative earthquake locations can be improved by complementing the seismic data with
the geodetic locations. Sometimes differences up to ∼ 21 km on the horizontal, and up to ∼ 5 km
vertical have been observed (e.g., Weston et al., 2011).
High resolution maps of surface deformation, can be used to resolve the extent of the defor-
mation, fault parameters (location, orientation, type of motion) and the slip distribution (e.g.,
Massonnet et al., 1993; Wright et al., 2001a; Amey et al., 2018). When using InSAR, the accuracy
of the displacement field will depend on the coherence of the interferometric phase and the
atmospheric conditions.
Combining seismic and geodetic data can help identify the magnitude and extent of surface
deformation and the direction of the displacements. These data can be used to build earthquake
catalogues with more accurate earthquake locations, determine the the geometry of the fault,
also detect aseismic motion and post-seismic deformation (e.g., Weston et al., 2011, 2012).
In Costa Rica, InSAR methods applied have been restricted to monitor volcano related
deformation (e.g., Ebmeier et al., 2010, 2014; Muller et al., 2014). For these studies, the data
used is from the satellites RadarSat and ALOS to generate deformation time-series of the Arenal
volcano, which is the only volcano that presented deformation between 2005 to 2009. Ebmeier
et al. (2013) found a linear relation of ∼ 2 cm water vapour noise contribution per km of height at
the volcanoes in Central America.
This chapter is a systematic inspection of co-seismic interferograms of the shallow earth-
quakes bigger than Mw 5.0 recorded in Costa Rica from July 2016 to May 2019 using Sentinel
1 InSAR. The main purpose is to asses the capability of Sentinel 1 data to detect co-seismic
deformation in Costa Rica and begin development of an earthquake deformation catalogue for
the region.
4.2 Tectonic context of Costa Rica
In Costa Rica, geodetic studies have been constrained to analysis of Global Position System
(GPS) data. Through GPS studies (e.g., Norabuena et al., 2004; Morell et al., 2008; Feng et al.,
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2012; Kobayashi et al., 2014), velocity vectors for the main tectonic regions were calculated in
respect to the Caribbean plate. The main tectonic regions are: the Guanacaste Forearc Sliver,
the Panama Microplate in association with the Central Costa Rica deformed belt (CCRDB) and
the North Panama Deformed belt (NPDB), and the stable Caribbean plate. In Chapter 2 it was
observed that the seismicity over Costa Rica, is mainly associated to the interactions between
these segments (Figure 4.1).
Figure 4.1: Costa Rican recorded earthquake distribution for earthquakes >Mw 5.5 until 2016.
The white continuous and dashed lines are the known faults. The blue arrows represent the
velocity vectors for the forearc sliver (FS), the Cocos Plate (CO) and the Panama microplate (PM),
in respect to the Caribbean plate (CA). CCRDB: Central Costa Rica deformed belt, NPDB: North
Panama Deformed Belt.
The Cocos Plate subducts under the Caribbean Plate and the Panama Microplate at a rate
of ∼ 8.8 cm/yr with 023°±3 direction (relative to the stable Caribbean plate). The Cocos plate
subducting slab has two segments with different sources (the East Pacific Rise and the Cocos-
Nazca Spreading Centre), that differ in age, composition, thickness and topographic relief. The
differences are result in: a) different subducting angle, b) the location and existence of the volcanic
arc along the country, and c) the types of faulting systems (e.g, NPDB, CCRDB) (e.g., Dominguez
et al., 1998; Barckhausen et al., 2001; Gardner et al., 2001; Gräfe et al., 2002; Lewis et al., 2008;
Arroyo et al., 2014; Kobayashi et al., 2014; Kreemer et al., 2014; Montero, 2001).
The Guanacaste forearc sliver behaves as a rigid segment that moves with a velocity rate
of 11.3±1 mm/yr towards the NW, with respect to the stable Caribbean plate (e.g., Norabuena
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et al., 2004; Feng et al., 2012) (Figure 4.1). Deformation for this region is expected at the inner
boundary of the sliver, which is located in the backarc, parallel to the volcanic arc axis (Montero
et al., 2017).
Deformation of the Panama Microplate is expected at the boundary with the Caribbean plate.
This boundary includes the Central Costa Rica Deformed belt (CCRDB) and the North Panama
Deformation belt (NPDB). The velocity vectors on this region show a fan-like distribution from N
to E (e.g., Kobayashi et al., 2014). This plate moves at a rate of 7.2 to 7.84 mm/yr towards the NE
(e.g., Norabuena et al., 2004; Kobayashi et al., 2014) (Figure 4.1).
As mentioned in Chapter 2, most of the seismicity in Costa Rica is concentrated at the
boundaries between plates or near the volcanic arc (Figure 4.1). Four main regions of shallow
seismicity (<10 km) were recognised in Chapter 2: a. Coastal seismicity from subduction, b.
Deformation belt zones (e.g., CCRDB and NPDB), c. Panama Fracture zone and d. near the
volcanic arc (see Figure 2.4). From historic records from the National Seismological Network
(RSN), the maximum moment magnitude from shallow seismicity is Mw 7.7, on the transitional
area between the NPDB and the CCRDB, Figure 4.1. The strike distribution of the known faults
are mainly NW-SE dextral strike slip faults, NE-SW sinestral strike slip faults on the CCRDB,
and the forearc sliver inner boundary, and NS faults on the Panama Fracture Zone. (e.g., Marshall
et al., 2000; Montero, 2001; Fernández and Montero, 2002; Lewis et al., 2008; Montero et al.,
2017).
4.3 Methods
The methods used in this chapter are based on the methods used for Chapter 3. In order to
demonstrate the capability of Sentinel 1 data in Costa Rica.
For this study, we first use the seismic data network to identity suitable earthquakes, based
on the location and magnitude of the events. The seismological records are available through
the “Red Sismológica Nacional (RSN)” from the University of Costa Rica listed in Table 4.1. The
earthquakes selected occurred between July 2016 to May 2019, with depths <20 km and with
moment magnitudes over Mw 5.0. The selected earthquakes source parameters are in Table 4.1.
The seismic earthquake parameters recorded (Lat, Lon, depth, magnitude, and focal mechanism
nodal plane solutions) are used to generate forward models of the surface deformation expected of
each earthquake. The rupture dimension parameters (slip, length and area) are estimated using
empirical scaling relations using the seismic moment. The equations for the empirical equations
can be found in Leonard (2010), and in the section 3.2.2, Chapter 3. The width of the rupture
for these events is assumed to have the same value as the length. The seismic hypocentre is
considered to represent the bottom of the fault plane. For these reasons, depending on the depth,
these events may not rupture at the surface.
The forward models are then compared to the detected surface deformation on the co-seismic
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interferograms.
Table 4.1: Earthquake source parameters of the events between 2016 to 2019 in Costa Rica. * is
for estimated parameters.
Earthquakes Bijagua Jacó Tenorio Golfito Corredores
Date 3 Jul 2016 13 Nov 2017 11 Jan 2018 17 Aug 2018 12 May 2019
Mw 5.4 6.2 5.3 6.2 6.0
Mmo(Nm) 1.60 x1017 2.54 x1018 1.14 x1017 2.54 x1018 1.27 x1018
Length*(km) 5.1 12.9 4.6 12.9 10.3
Area*(km2) 25.5 167 54 167 102
Slip* (m) 0.2 0.48 0.27 0.48 0.37
Bottom depth (km) 1.9 19 4 17 20
Lat.(°) 10.759 9.428 10.66 8.593 8.448
Lon.(°) −85.062 −84.560 −84.988 −83.225 −82.845
Error Y (km) 0.5 1.3 − 1.3 −
Error X (km) 0.4 2.4 − 1.6 −
Error Z (km) 0.4 3.1 − 1.6 −
Nodal plane 1 139/85/180 317/33/118 42/83/−14 291/51/77 353/65/−175
Nodal plane 2 229/90/5 104/61/72 134/76/−173 131/41/105 280/88/−26
4.3.1 InSAR Data
The SAR images used to generate the interferograms are acquired by the Sentinel - 1 satellite,
from the European Space Agency, which are available through the Copernicus data hub web
service (https://scihub.copernicus.eu/dhus). The interferograms are generated using the GAMMA
software package (Werner et al., 2000), following the same processing methods used for Chapter
3 for the unwrapping, topographic (e.g., 30 m DEM from SRTM) and atmospheric corrections (e.g.,
from GACOS). Then, all the interferograms were processed using both ascending and descending
geometries for 12 and 24 day combinations when available. In this chapter the colour convention
for the displacement is red to describe range decrease in the line of sight of the satellite and blue
colours represent range increase in the line of sight of the satellite. For the ascending geometries,
the heading is ∼−13° and the incidence ∼ 44°, and for the descending geometry the heading of
the images is ∼ 169° and the incidence ∼ 33.9°. From the listed earthquakes, only the Bijagua
earthquake had ALOS-2 images available and for this reason this earthquake is further analysed
in Chapter 3.
4.3.2 Forward models
To generate the forward models for each event, the parameters used are: Latitude, longitude,
depth, magnitude, strike, dip, rake of the fault plane, and length, area and slip of the rupture. It
is assumed that the rupture occurs on a rectangular plane in an homogeneous elastic half-space
(Okada, 1985) and using Lames constants λ and µ of 32 GPa. The forward models were calculated
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Table 4.2: Co-seismic interferograms. The columns are: Earthquake name, dates of the co-seismic
interferogram, days between images, direction of satellite (ascending or descending), coherence,
perpendicular baseline, atmospheric contribution obtained from GACOS, and the RMS.
Event Dates Days Dir Coh % ⊥ B(m) Atm (cm) RMS (cm)
Bijagua 20160526-20160713 48 Desc 23 40 − −
Jaco 20171112-20171124 12 Asc 50 75 6.0 1.7
Jaco 20171112-20171124 12 Desc 25 −76 6.0 1.8
Jaco 20171112-20171206 24 Asc 50 46 9.0 4.3
Jaco 20171112-20171206 24 Desc 25 −76 9.0 1.3
Tenorio 20180104-20180116 12 Asc 87 33 6.0 4.6
Tenorio 20180104-20180116 12 Desc 90 −61 6.0 5.1
Golfito 20180815-20180827 12 Desc 83 −16 2.0 1.1
Corredores 20190506-20190518 12 Desc 55 −46 3.6 1.2
for the two possible nodal plane solutions given from earthquake focal mechanisms. In some
cases, it is possible to select which nodal plane ruptured by comparing the surface deformation
observed to the forward models.
The scale of deformation expected for earthquakes between (Mw 5 to 6.5) are in a cm scale
and as atmospheric contributions in this region are usually on the cm scale, so the atmospheric
contribution can obscure earthquake surface deformation signals. The forward models have a
contour white line to delimit area where we expect to observe displacement of 1 cm (Figure 4.3 to
4.6).
Figure 4.2: Analysed earthquakes location and focal mechanisms and forward models.
63
CHAPTER 4. DETECTING CO-SEISMIC DEFORMATION IN COSTA RICA USING SENTINEL
1 DATA.
4.4 Results and discussion
4.4.1 Jacó Earthquake
The Jacó earthquake occurred on November 13, 2017 with a magnitude Mw 6.2 and occurred on
the subduction interface between the Cocos and Caribbean plates (see section 2.3.1). The epicentre
is located ∼ 18 km offshore and at 19 km depth (Figure 4.3), which means the deformation over
the epicentral region cannot not be observed with InSAR because it is cover by the ocean.
Figure 4.3: Jacó earthquake forward models (first two top rows A to D) and unwrapped inter-
ferogram E to H, (row 3 (12-days) and row 4 (24-days)). The left column are ascending track
and the right column are the descending track. The line white from A to D is a 1 cm contour of
displacement.
The forward models predict a maximum displacement for the descending geometry is between
∼−0.1 to ∼ 10 cm in the LOS of the satellite, with a displacement expected onshore between −0.1
to 5 cm (Figure 4.3 - B and D). On the ascending geometry, on the displacement model extends
over a distance of 50 km from the epicentre, which means 20 km of extent at the coast. The
magnitude of surface displacement expected in this geometry is between 30 cm decrease the line
of sight, with up to 10 cm on land (Figure 4.3 - A and C).
Two co-seismic interferograms were generated for each orbital direction (ascending (Figure
4.3 - E (12 days) and G (24 days)) and descending (Figure 4.3 - F (12 days) and H (24 days))).
The ascending interferograms (E and G) have more coherent pixels (>50%) than the descending
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geometry interferograms (F and H) (<∼ 25%). The atmospheric contribution obtained from
GACOS was ∼ 6 cm for the 12-day interferograms and ∼ 9 cm for the 24 day interferograms. The
bi-linear ramp contribution calculated for the 12-day ascending interferogram is −3 cm over the
mapped area and ∼ 4 cm for the 24-day ascending interferogram.
The displacements on the 12-day interferogram for both ascending and the descending track
are between 0 and 2 cm decrease in the line of sight of the satellite, over an area of ∼ 16 km2. On
the 24-day interferograms the displacement observed on the ascending track is between 0 and
∼ 3 cm away from the LOS of the satellite and on the descending track up to ∼ 6 cm over an area
of ∼ 16 km2, decrease in the LOS of the satellite.
Comparing the descending geometry interferograms (F and H) which both present displace-
ment decrease in the LOS, with the forward models B and D, it is observed that the deformation
is comparable to the nodal plane 1 (317° Strike, 33° dip and 118° rake) (B) because it shows
displacement in the line of sight. This is consistent with the east-dipping subduction interface.
Considering the rake of the nodal plane (1), it is possible to infer, that the deformation in the line
of sight observed is not pure uplift, and it has a SE horizontal motion component. In terms of
the magnitude of the displacement, both interferograms have smaller magnitude displacements
than the predicted on the N1 forward model. It is possible that the difference between the inter-
ferograms and the forward models can be due to an error in the earthquake location, and the
earthquake being farther away from the coast.
Comparing the 12-day (F) and the 24-day (H) interferograms on the descending geometry, the
24-day interferogram (H) has a larger magnitude of displacement than the 12-day interferogram
but has a magnitude and direction similar to the expected on the forward model (∼ 5 cm), but not
over such a wide area. This difference can be attributed to an atmospheric contribution on the
24-day interferogram, which can be studied by stacking a series of interferograms before and after
the event. Another possibility for this larger displacement can be caused by the accumulation of
the displacements from aftershocks following the Mw 6.2 event.
The displacements observed on this interferograms were not able to be analysed with inverse
modelling, mainly because the main region of deformation is under the oceanic water column
making the inverse problem difficult to constrain.
4.4.2 Tenorio Earthquake
This Mw 5.3 earthquake occurred on January 11, 2018 on the East flank of the Tenorio Volcano.
The earthquake focal mechanism shows pure strike slip faulting. The depth (4 km) and magnitude
recorded, suggests a displacement forward model of ∼ 2 cm decrease in the line of sight in the
ascending track for both nodal planes (Figure 4.4 - A and C). On the contrary, on the descending
track, the nodal plane solutions predict displacement away the line of track on the NW side of
the earthquake source (towards the volcano summit)(Figure 4.4 - B and D).
The atmospheric corrections obtained from GACOS has a range between 0 and 6 cm and the
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Figure 4.4: Tenorio forward models for the Mw 5.3 earthquake. A.1 Shows the ascending track
forward model for the nodal plane 1 and A2 for the nodal plane 2. B.1 Shows the descending track
forwards model for the nodal plane 1 and B2 for the nodal plane 3. C and D show the unwrapped
interferograms from ascending (left column) and descending (right column) between the dates
04/Jan/2018 and 16/Jan/2018. The black triangle represents the location of the Tenorio Volcano.
The white line from A to D is a 1 cm contour of displacement.
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bi-linear ramp delay over the observation area is of ∼ 5 cm. The atmospheric delay pattern shows
a negative delay on the top of the Tenorio volcano summit. The coherence over the interferograms
for both the ascending and descending tracks is of 87% and 90%, respectively.
The co-seismic interferograms show a bull’s-eye pattern of displacement of decrease in the
line of sight for both ascending and descending tracks (E and F Figure 4.4), over the volcano
summit with values between 0 to 4 cm. The decrease in the LOS observed in Figure 4.4 - F, on
the descending track does not correlate to the predicted displacements for either nodal plane
(Figure 4.4 - B and D). As this bull’s-eye pattern is spatially correlated to the volcano summit,
it can be inferred that the displacement pattern observed could be related to either to vertical
motion caused by magmatic processes or an atmospheric artefact caused by stratified atmosphere
caused by water vapour on top of the volcano summit not accounted by the GACOS estimations,
atmospheric delays that spatially correlate to topography are common and have been observed by
(e.g., Wadge et al., 2002; Jolivet et al., 2014; Ebmeier et al., 2013). In order to determine whether
the signal is atmospheric, it is recommended to generate a time series, to identify if the signal
observed is consistent in time.
4.4.3 Golfito Earthquake
This Mw 6.2 earthquake occurred on August 17, 2018 at ∼ 17 km depth, on the subduction
interface. The epicentre is covered by ocean, as in the Jacó example, but is closer to the coast
line (at ∼ 5 km). For this earthquake the ascending track interferogram for this period was not
coherent enough to be able to generate an unwrapped interferogram. For this reason we only
present results from the descending track co-seismic interferogram Figure 4.5 - E.
The calculated forward models predict observable deformation (>1 cm) at ∼ 12 km from the
epicentre for both nodal planes and on the two satellite directions, suggesting the deformation
can be observed on the interferogram (Figure 4.5- A to D).
The atmospheric contributions obtained from GACOS are between 0 and ∼ 2 cm and the
bi-linear ramp delay over the observation area is of ∼ 3 cm. The co-seismic interferogram obtained
shows a deformation pattern that correlates spatially to the forward model solution of the nodal
plane 1 (291° strike, 41° dip and 77° rake) (Figure 4.5 - E and B). The displacement pattern
observed extends over ∼ 6 km from the coast line, and 10 km from the epicentre with values
between 0 to ∼ 3 cm decrease in the LOS of the satellite.
Based on the rake of the focal mechanism, it can be inferred that the deformation observed
on the LOS corresponds to uplift of the coastal area. The geodetic displacement observations
have a larger extension and are smaller in the magnitude than expected on the forward models,
especially over the SE area of the Golfito Bay.
The deformation signal was not used to generate an inverse model, mainly because the main
region of deformation is under the oceanic water column making the inverse problem difficult to
constrain.
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Figure 4.5: Golfito forward models (A to D) and unwrapped interferogram (E) from the descending
track position from the Sentinel 1 satellite between 15/Aug/2018 and 27/Aug/2018. The grey area
corresponds to the water column on the Golfito Bay. The white line from A to D is a 1 cm contour
of displacement.
4.4.4 Bijagua Earthquake
This Mw 5.4 earthquake occurred in July 3, 2016 at ∼ 2 km depth, on the Caño Negro fault, which
is a strike slip fault from the Haciendas Chiripa fault system known to be the inner boundary
of the Guanacaste Volcanic Arc Sliver (e.g., Montero et al., 2017). The nodal plane 1 spatially
correlates to the known faults in the area which are NW striking faults. The forward models
are shown in Figure 4.6. No ascending images were available to generate an interferogram with
Sentinel 1 and for the descending geometry the closest dates are 48 days apart. The interferogram
obtained is incoherent, (<∼ 30% coherent pixels), from which is not possible to obtain surface
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deformation data. However, the ALOS-2 data is coherent and the earthquake was analysed with
further detail in Chapter 3.
Figure 4.6: Bijagua Mw 5.4 July 3, 2016 earthquake forward models for the two nodal planes in
the Sentinel l geometries. The white line from A to D is a 1 cm contour of displacement.
4.4.5 Corredores Earthquake
Finally, the last example selected, was a Mw 6.0 earthquake that occurred at a depth of 19 km over
the NS faults of the Burica Peninsula (BP, see Figure 2.8), that extends in land from the Panama
Fracture zone (PFZ, see Figure 2.3 - C). The forward model calculated for this event suggest, that
due to the depth, no ground deformation should be observed, as the values expected are on a
millimetre scale. The co-seismic interferogram obtained for this event, shows no deformation
pattern over the epicentre area as expected from the calculated forward model.
4.5 Discussion and Conclusions
4.5.1 Limitations of InSAR method
From the analysis the following limitations were experienced: 1-) Usually there was a considerable
difference in the number of coherent pixels between the images of the ascending and descending
tracks of the satellite. In two cases, in the Southern region of the country, only the descending track
had enough coherent pixels to obtain an interferogram. The exception was the interferograms
from the Tenorio earthquake where the difference between tracks was only 3%.
2-) The repeat pass image acquisition frequency can be a challenge, before 2017, images were
acquired every 24 to 48 days. The frequency improved after 2017 to a 12 days repeat interval.
This is an important factor, because the interferograms in this region present high temporal
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Figure 4.7: Corredores forward models (A and B) and unwrapped interferogram (C) from the
descending track position from the Sentinel 1 satellite on the dates 06/May/2019 and 18/May/2019.
decorrelation due to vegetation growth. In this sense, the best results are obtained with the
shorter temporal baseline interferograms.
3-) The biggest earthquakes in the region occur on the subduction interface, which means
that the deformation for most of the earthquakes is under a water column, and only the shallower
earthquakes and the most near to the coast can be observed using InSAR.
We observed that when using Sentinel 1 data, the earthquakes that were captured had
magnitudes over Mw 6.0. The interferograms for the two earthquakes near the volcanic arc
(Bijagua and Tenorio), were shallow (<5 km depth), and had magnitudes >Mw 5.2, and they
showed no deformation signal. In contrast, for the Bijagua earthquake Mw 5.4 we could observe
seismic and aseismic deformation, with the interferograms generated with ALOS-2 data.
To observe earthquakes using InSAR interferograms, the depth and magnitude will define if
the deformation can be observed on the surface. During the period of observation twelve events
with magnitudes over Mw 5.0, were registered, but only 5 occurred at shallow depths (<20 km).
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4.5.2 Tectonic implications
In this chapter, deformation was obtained from Sentinel-1 SAR interferograms of earthquakes
over Mw 6.2. Deformation from earthquakes between Mw 5.0 to 6.2 were not observed due to the
depth of the events (e.g. Mw 6.0 Corredores, at 20 km depth).
Two observations of uplift along the coast were obtained from subduction interface earth-
quakes. In the case of the Jacó earthquake (Mw 6.2), coastal uplift of at least ∼ 2 cm was obtained
over a region of ∼ 16 km2 the nodal plane solution obtained from the seismic record, that is
congruent with the observed ground deformation is 317° strike, 33° dip of and 118° rake. This
nodal plane corresponds to the depth, direction and dip of the subduction interface at this region.
The inversion of the deformation (to obtain the fault source parameters) for this event was not
possible to obtain, as the main deformation area is covered by water, which makes it difficult to
constrain the model.
Lastly, for the case of the Golfito earthquake, which is also a Mw 6.2 event, the deformation
observed was of at least ∼ 2 cm over a region of ∼ 30 by ∼ 20 km2 along the Golfito coast. The
surface deformation suggests that the nodal plane for this event has a 291° strike, 41° dip and
77° rake. These results are also congruent with the plate interface at the subduction zone, which
is also suggested by the depth of the event.
From this chapter, it is concluded that the Sentinel 1 SAR images are suitable to obtain
ground motion of 12-day co-seismic interferograms for earthquakes of magnitude Mw 6.2 or
bigger and with depths shallower than ∼ 20 km.For earthquakes smaller than Mw 5.4, we have
not obtained ground deformation using Sentinel 1 interferograms. This can be due to the depths
of the events and to the atmospheric contributions that can obscure the deformation signals, as
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CHAPTER 5. GROUND DISPLACEMENTS AT THE DR ALFREDO MAINIERI PROTTI
GEOTHERMAL FIELD
Abstract
The ground response to the production of energy in geothermal fields can be observed in
the form of ground displacement and seismic activity. Changes in the temperature, volume,
pressure of the reservoir can culminate in surface deformation and in seismicity at the
edges and/or near the production wells. Identifying the origin of the ground response enables
controlled management of the reservoir and can help prevent damage to structures. The
extraction of mass from a reservoir reduces volume, temperature and increases the normal
strain, promoting compaction, subsidence and seismicity. The reinjection of the extracted
mass causes an increase in volume, seismicity, and a decrease in the temperature of the
reservoir. Satellite remote sensing (InSAR) permits the study of the deformation at these
sites with high spatial and temporal resolution, which is especially important in areas where
no ground base measurements are available. However, Central America is in the tropics
and has 1) dynamic atmosphere with considerable water vapour and 2) constant growth of
vegetation all year long, which leads to decorrelation between SAR images. Here we study the
Dr Alfredo Mainieri Protti geothermal field, located near Miravalles Volcano in the Northern
Costa Rica volcanic arc. The power plant has extracted steam and brine since 1994 and
re-injects ∼ 83% of the extracted mass. The main aim of this work is to determine the extent
and effects of the geothermal activity in terms of deformation with data from two satellites
(ALOS-2 and Sentinel 1A) between January 2015 and January 2017. The ALOS-2 data was
used to obtain the extent of the affected area, and multi-temporal methods such Persistent
Scattering, and Small Baselines were applied to the Sentinel 1A data, to obtain the temporal
pattern of the ground displacements. Results show a direct response of the ground to the
extraction of fluids. The pattern of deformation obtained with ALOS-2 is spatially correlated
with the geothermal field, and with the recorded seismicity. Between April 2015 to October
2016, periods of uplift and subsidence were observed with values between ∼ 2 to 3 cm every
120 days, linked to changes in the amount of fluids extracted from the reservoir. The results
also show the ability of the reservoir to recover rapidly following a decrease in extraction rate.
This work has shown that in this tropical region it is possible to monitor ground motion using
InSAR. This is beneficial for the Central American region, as satellite images are becoming
more frequently acquired and available, to boost the monitoring of seismic regions, volcanic
activity and anthropogenic activities.
Key points
• Ground displacement measurements from two different satellites at tropical latitudes using
stacking and multi temporal time series.
• The Dr Alfredo Mainieri Protti geothermal field reservoir shows more than 2 cm of uplift and
subsidence with a cycle of ∼ 120 days.
• The reservoir shows the ability for rapid recuperation after a decrease in the mass extracted.
• We discuss the spatial relations between the location of seismicity, the deformation and the




Hydrothermal reservoirs can be exploited as a clean source of energy, and geothermal power
plants use deep wells to extract hot brine and steam to generate electricity. Understanding the
behaviours of the reservoirs, such as the recharge (amount and the location) and the changes in
temperature and/or pressure, improves knowledge of the capacity for production of the reservoir
and so, for how long it can be exploited. Constraints on reservoir properties such as permeability,
compressibility and extent can optimise production, enabling prompt changes in strategies for
injection and extraction of fluids, and prevention of environmental and structural damage. Many
geophysical methods are used to characterise geothermal fields. They can be used to delimit
the geometry, the extent of a reservoir, the ground response to production, and they are used to
characterise the composition of the host rock and to obtain the volume, pressure and temperature
of the reservoir contents. In this study, the main objective is to determine if the power plant
activity is causing deformation. We used repeat-pass SAR images from the descending orbital
track from two satellites, ALOS-2 and Sentinel 1 (S1) to investigate the short term (two yrs)
deformation related to the activity of the Dr. Alfredo Mainieri Protti geothermal field. Both ALOS-
2 and S1 results are compared with the extraction and injection rates and patterns of seismicity




Geothermal fields are associated with regions of high heat flow, often linked to magma storage
in volcanic arcs. Reservoir characteristics such as composition, temperature, depth, porosity,
host rock composition and structure vary from one geothermal field to another. Fluids ascend in
convective plumes and spread laterally and can escape to the surface as liquid and vapour phase,
via permeable paths (Hole et al., 2007). High permeability is associated either with interconnected
pores that facilitate fluid transport (e.g. Tiwi Geothermal Field in Philippines, Stimac et al., 2004)
or faults and fractures (e.g., Barton et al., 1998). Geothermal reservoirs are often delimited by
fault structures, such as grabens, (e.g., East Mesa Geothermal, Brady Hot Springs, Massonnet
et al., 1997; Ali et al., 2016), in some cases the long axis of the reservoir follows the strike of
faults, (e.g., Imperial Valley geothermal Field, Brady Hot springs Eneva et al., 2009; Ali et al.,
2016).
In order to produce energy from geothermal reservoirs, the hot fluids are extracted through
production wells, passed through a geothermal power plant and then the cooled fluids are re-
injected elsewhere as brine-condensed mixtures. The depths of production wells range in most
cases from 0 to ∼ 4 km, depending on the ability to drill wells and the location of the hot fluid.
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The commercial temperatures of the exploited fluids vary from 140 ° C to 350° C. Injection wells
are shallower and are located in areas where the fluids will be re-heated before reaching the
reservoir, in order to reduce the cool down effect from the waste fluids. Natural recharge occurs
by the downward flow of cold meteoric water and may not completely balance the extracted fluids
in the reservoir, resulting in a drop in reservoir fluid level (Keiding et al., 2010; Hole et al., 2007).
5.2.2 Deformation linked to geothermal energy production
The extraction and injection of fluids and/or steam to and from geothermal reservoirs for energy
or heat production can cause ground deformation (Narasimhan, 1984 in Massonnet et al. (1997)).
The most commonly observed deformation is subsidence, which is caused by the reduction of
volume (compaction) due to decreasing pore pressure, changes in temperature (gradual cooling)
of the host rock and the dissolution and transport of minerals in the flowing brine (e.g., Ali et al.,
2016; Fialko and Simons, 2000). A significant decrease in volume can occur when the rate of
withdrawal of hot fluids exceeds the rate of injection or natural recharge (e.g., Ali et al., 2016;
Drouin et al., 2017).
Thermal contraction is caused by the temperature decrease due to the absorption of heat
during the phase change from fluids into steam (Mossop and Segall, 1997) and when fluid
extraction cools the reservoir (Glowacka et al., 2005). Thermal contraction can also result from
the injection of the extracted fluids, which causes a gradual thermal cooling near the injection
wells, (Hole et al., 2007; Vasco et al., 2013).
Compaction of the reservoir occurs when fluids are extracted causing a decrease in the
volume of the material. The compaction is also controlled by the diffusion of pressure through
the compressible material, such as a slow propagation of the pressure into an aquitard (low
permeability or impermeable rock) can cause a delay in a subsidence response (Hole et al.,
2007). Increasing permeability decreases the duration of compaction, and increases the rate of
compaction (Allis and Zhan, 2000; Sarychikhina et al., 2011). Compaction does not always occur,
especially when the permeability of a reservoir is predominantly governed by fractures (Fialko
and Simons, 2000). There are cases where the compressibility varies laterally, as in Wairakei
Tauhara and Ohaaki fields, where the subsiding area is not uniform, and it is localised in several
bowls (Allis and Zhan, 2000).
Pore pressure change from desaturation, dissolution and transport of minerals can increase
the compaction of permeable and compressible rocks (e.g., Allis and Zhan, 2000; Ali et al., 2016).
In these cases, subsidence bowls broaden in time, which may indicate the increasingly larger
and/or deeper parts of the geothermal reservoir are affected by the geothermal production (Fialko
and Simons, 2000). Measuring the spatial and temporal changes in the pattern of subsidence can
provide constraints on the permeability and compressibility of the compacting formations (Hole
et al., 2007).
In rare cases, uplift has also been documented at geothermal fields, such as in the Coso
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Geothermal field (Wicks et al., 2001), where the reservoir is a self-sealed brine-gas reservoir that
becomes pressurised. Breaching of the seal is episodic, leading to cycles of uplift and subsidence.
Another case of uplift was reported by Heimlich et al. (2015) at Landau Geothermal field in
Germany, where the injection exceeded the extraction when the production of the power plant
ceased. Uplift has been also studied in ground water aquifers, as in the Las Vegas Valley, Nevada
(Bell et al., 2008), where artificial injection was applied to recover a subsiding area due to
heavy pumping. This aquifer has a seasonal response which has been used to develop a better
understanding of its compositional properties (elastic and inelastic coefficients). The long-term
subsidence was arrested and locally reversed after the recharge, but a residual subsidence was
still observed after the artificial injection began and progressively decreased over time as the
water levels rose (Bell et al., 2008).
5.2.3 Seismicity linked to geothermal reservoirs
Seismicity in geothermal reservoirs is known to be induced by changes in the pore-pressure
causing changes in the state of stress of the host rock (e.g., Segall, 1989; Fabriol and Glowacka,
1997; Fialko and Simons, 2000). This change in pore-pressure can be caused by the withdrawal or
injection of fluids and is usually clustered near injection and extraction wells and at the periphery
of the reservoirs (Keiding et al., 2010). Seismicity can also occur in response to subsidence, crustal
unloading and poro-elastic changes (Nicholson and Wesson, 1992). Increasing the pore pressure
and decreasing the effective normal stress promotes normal faulting near the reservoir edge
and where the pressure reduction occurs (Segall, 1989; Segall and Fitzgerald, 1998). Once the
geothermal field is exploited, the stress field is characterised by horizontal extension at depth
due to the reservoir subsidence and concomitant bending of the overlaying strata (Fialko and
Simons, 2000). The fluid extraction can change the stress level and influence the seismicity of the
area (e.g., Segall, 1989; Sarychikhina et al., 2011). Horizontal hydraulic stress is generated by
heavy pumping and is believed responsible for the formation of fissures near faults (Bell et al.,
2008). The least compressive stress within the reservoir decreases with decreasing pore pressure,
enhancing tensional fracturing.
At the Geysers and Coso geothermal fields, seismicity has been detected from the extraction of
fluids (e.g., Fialko and Simons, 2000; Wicks et al., 2001), and at Cerro Prieto Geothermal Fields
seismicity has been linked to the reinjection of the extracted fluids (e.g., Fabriol and Glowacka,
1997; Sarychikhina et al., 2011). In reservoirs where the permeability is through fractures, the
seismicity aligns to the fractures (e.g., Imperial Valley, California, Eneva et al., 2012). Other
reservoirs, such as the Alutu-Langano geothermal field, have seismicity that is linked to seasonal
patterns, where it takes two to three months after the rainy season for surface loading to trigger
the seismicity (Birhanu et al., 2018).
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5.3 Dr Alfredo Mainieri Protti geothermal field
The Dr. Alfredo Mainieri Protti geothermal field is located within the East side of the Guayabo
caldera, ∼ 8 km to the Southwest of Miravalles Volcano (Figure 5.1). From borehole information,
Hallinan (1991) and Hallinan and Brown (1995), describe 10 geologic units of pyroclastic materials
and lavas dating from the Miocene to present, including the densities and porosities of the units.
Studies of stratigraphy and gravimetry in the area since 1985 have mentioned faults and
structures but with no detailed descriptions. In Hallinan (1991), the “La Fortuna Graben” and
the “Aguas Claras” depression are mentioned as the east margins of the Guayabo Caldera. The
permeability of the field is mainly secondary in nature, controlled by the “La Fortuna” graben
(FG) system with N-S faults of the deep lithological units located between the Guayabo Caldera
and the Miravalles Volcano (Figure 5.1).
5.3.1 Power plant operations
The power plant (PP) has been operating since 1994 and occupies an area of ∼ 6.4 km2 and has
a total electric capacity of 163 MWe (Nietzen and Solís, 2019). The reservoir has an area of 13
km2, is ∼ 800 to 1000 m thick, and is located at ∼ 700 m depth. The commercial temperature of
this reservoir is between 230 - 255° C (Sánchez-Rivera et al., 2010). The annual generation of
the power plant increased gradually from 1994 to its peak of 1300 Gw-h in 2007. The production
began to decrease since 2015 where the energy production was lower than 1000 Gw-h, about ∼ 950
Gw-h in 2016, and lower than 800 Gw-h, by 2017 and 2018. Nietzen and Solís (2019) reported
that the vapour rate remained stable until 2014 and since then there has been a decrease in total
mass and steam that affected the generation of energy.
The injection of the waste fluids is about 83% of the total amount extracted (e.g., Nietzen and
Solís, 2019) (Figure 5.2 - A and C). The fluids have been divided into hot water injection (∼ 165°
to 135° C) on the eastern part of the geothermal field (1994 to 1998), western area (1994 to 2018)
and southern area (1996 to 2018), and one cold (<60° C) injection at the Southwest of the field
(1994 to 2018) (Sánchez-Rivera et al., 2010), (see blue diamonds, Figure 5.1).
The Costa Rican Institute of Electricity (ICE), which runs the Dr Alfredo Mainieri Protti
power plant shared the daily extraction and injection rates for the period between January
2015 to January 2017 (Figure 5.2 - A C). As this is a binary geothermal power plant (generates
electricity from boiling water and vapour), the extraction information was given in kilograms and
the injection rates are in litres.
The long-term trend from January 2015 to December 2016 shows that the extraction declined
slightly, from 110 kt per day to 108 kt per day. In Figure 5.2 - A, it is observed that a period of
lower extraction occurred between September 2015 to the end of December 2015 from 115 kt per
day to 112 kt per day and from January to April 2016 an evident increase of the production to
over 118 kt per day. In contrast, the injection rates were stable during 2015 and 2017 with an
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Figure 5.1: Location of the Dr Alfredo Mainieri Protti Geothermal Field. A) Map of Costa Rica
with the location of the power plant, and the frames of the two satellites used in this study. B)
Topographic map of the area to the SW flank of the Miravalles Volcano, and the towns of Guayabo
and Fortuna (black squares). The dashed black lines represent the location of the inferred faults.
The green dash line represents the Guayabo caldera rim. FG: is the location for the Fortuna
Graben, between two NS-striking dashed lines between the Miravalles Volcano and the Guayabo
Caldera. The red diamonds shown are the production wells and the blue diamonds are the
injection wells. The two main buildings analysed are PP: is the main production building called
“Unit 1 and 2”, and Unit 5 (U5). C) West-East cross-section of the Fortuna graben modified from
Hallinan and Brown (1995).
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Figure 5.2: Activity at the Dr Alfredo Mainieri Protti geothermal field, Costa Rica. A- Extraction
rates during 2015 and 2016. B- Injection rates during 2015 and 2016. C- Seismicity depth at the
geothermal field region from June 2015 to August 2016. D- Location of the 43 events recorded
between June 2015 to June 2016, colour coded by the moment magnitude. The magnitudes of the
events ranged between Mw 3.8 to 1.8.
average of 1000 L per day, with the peak daily injection rates between July 2015 to December
2015 with over 1030 L per day and then between September and November 2016 with over 1030
L per day (Figure 5.2 - C).
5.3.2 Seismic activity data
A seismic catalogue was also used to analyse if there is a relation between the earthquake
source location and the geodetic observations. 142 events from the catalogue were recorded
by the National Seismological Network and ICE from May 2007 and August 2016. The events
were manually located by Araya et al. (2016) for a 1D P-wave velocity model generated for the
geothermal area. The earthquakes were recorded in at least 8 stations, with a maximum azimuth
gap of 180°, and a maximum depth of 20 km, and the magnitudes range between Mw 1.9 and Mw
3.8, and the RMS lower than 0.6 s. The magnitude of completeness of this network was 2.5 in
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2014, which is before the period of interest in this study (Arroyo et al., 2017).
For the period of interest in this study, 43 earthquakes were recorded between June 2015 and
June 2016 (Figures 5.2 - B, D and 5.2 -D). The seismicity was mainly between 2 and 4 km depth,
and a moment magnitude range of Mw 2 and 3.7. Only one event Mw 3.6 (October 29 2015) was
recorded with a larger depth of ∼ 10.6 km, which occurred ∼ 1.8 km from the nearest production
well to the North of the power plant. This event seems to have no relation to the production
activity, and is in a region where other events have occurred, which are aligned in a NW-SE
direction (Figure 5.2 -D). The seismicity in the area seem to have a spatial relation with the area
were the geothermal activity takes place, mainly over the area of the “La Fortuna Graben” (FG)
where the injection wells are located (Figures 5.1, 5.2 -D).
5.4 Methods
Deformation time series at high spatial and temporal resolution are particularly useful in
monitoring the response to the pumping of fluids (Bell et al., 2008). Geodetic methods such as
levelling surveys, GPS surveys and InSAR can detect spatial and temporal extent of the surface
deformation in geothermal fields. GPS surveys have good temporal resolution, while InSAR
typically provides better spatial resolution but has limitations due to temporal decorrelation
(vegetation growth, agriculture) and various effects from dynamic atmosphere (water vapour,
charged particles). Two ways to improve the interferograms were applied in this study: stacking
and multi-temporal techniques. Stacking is where consecutive interferograms are summed to
reinforce the signal of steady deformation and reduce random noise that is not correlated in time,
but is not appropriate for seasonal deformations (Wright et al., 2001b; Hole et al., 2007; Hooper
et al., 2012). Multi-temporal InSAR techniques are commonly used in geothermal fields that are
surrounded by densely vegetated areas, to counteract the effects from the growth and movement
of vegetation that causes decorrelation between SAR images.
5.4.1 InSAR processing
The most appropriate method for data processing depends on the frequency at which each satellite
acquires the images (due to the decorrelation over time), the number of images acquired during
the period of interest and the wavelength of the radar sensor used to acquire the images. An
important factor for the processing of the data, is that the geothermal field is surrounded by the
Miravalles protected natural conservation park, so the effects of dense vegetation need to be
considered.
Radar images acquired using long wavelengths, such as the L-band radar (wavelength ∼ 23.6
cm) are suitable for vegetated regions because these wavelengths can penetrate vegetation
and hence obtain stable ground scatters, reducing decorrelation between the images. Shorter
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wavelengths, such as C-band (radar wavelength ∼ 5.6 cm) are less suitable for vegetated regions
but are less affected by electrically charged particles in the ionosphere (Fielding et al., 2018).
Multi-temporal techniques combine multiple images to generate time series and rely on
ground scatterers that are stable in time. Stable scatterers are usually man-made buildings, big
rocks, and bare areas, of which there are not many in the area of interest. The two most common
multi-temporal techniques are Persistent scatterers (PS) and Small Baselines (SB). The accuracy
of the multi-temporal methods is improved by increasing the number of images used (at least 8
interferograms) and decreasing the distance to the reference pixels (e.g., Ferretti et al., 2001;
Hooper et al., 2012).
PS uses stable scatterers on the ground to calculate the deformation in an area even when
the scatterers are viewed from different angles (large baselines) from the same frame, or when
there is little decorrelation over time (e.g., Eneva et al., 2009; Keiding et al., 2010; Eneva et al.,
2011, 2012; Vasco et al., 2013; Heimlich et al., 2015; Xu et al., 2017; Drouin et al., 2017; Parks
et al., 2018). The PS method uses a series of interferograms generated with the same master SAR
image. The technique analyses displacement on a pixel by pixel basis, for pixels whose scattering
properties remain stable through time (Ferretti et al., 2001; Hooper et al., 2012). The method
begins by selecting stable pixels over time based on the amplitude of each pixel and not as a
physical characteristic of being “immovable" (Hooper, 2008). The images are spatially filtered to
estimate the spatially-correlated terms, such as the atmospheric and the orbital errors. After,
the phase and the residuals are subtracted from the topographic error, and the residuals are
modelled for the time series (Hooper et al., 2012). The residual from the model and the phase
gives an estimate of the noise for each pixel called the atmospheric phase screen (APS) (Hooper
et al., 2012). This method is often used to obtain the deformation history of a specific scatterer,
and is particularly useful for monitoring infrastructure.
The SB technique analyses cells containing a distribution of scatters in order to derive slow
incremental displacements in time. The idea behind small baselines is that the decorrelation
is minimised from the small separation of the images in space and time. Pixels are selected
based on their estimated spatial coherence in each of the interferograms of a connected network
of interferograms (e.g., Hooper et al., 2012; Xu et al., 2017). The interferograms have small
temporal, spatial and Doppler centroids baselines. All interferograms are co-registered to a
super-master SAR image, which enables the formation of long time series of deformation from
a set of short-time-span interferograms. An important difference between PS and SB selected
pixels is that PS have no spectral filtering, which means each data set may contain different
pixels making the combination of the two methods complementary.
5.4.2 Data
The ALOS-2 Palsar satellite (L-Band) is operated by the Japanese Aerospace Exploration Agency,
and acquired 6 images of the target region between April 2015 and October 2016, on the “144"
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descending track with a heading of ∼ 191° and an angle of incidence of ∼ 43°. The Sentinel-
1A (S1) satellite (C-Band) is operated by the European Space Agency and acquired 18 images
between May 2015 and September 2016, on the “157” descending track with a heading of ∼−168°
and an angle of incidence of ∼ 39°. The data from the two satellites are complementary to be
able to describe the deformation in the region in space and time. The L-band data generates
interferograms with good coherence despite the dense vegetation, and it is used to obtain a spatial
resolution of the deformation. In contrast, the Sentinel-1A data is obtained more frequently so is
used to obtain the velocity of the deformation, despite the lower coherence.
All interferograms in this study were generated using the GAMMA software package (Weg-
muller et al., 2002). The topographic contribution was removed using a 1-arc sec digital elevation
model (DEM) from the Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007). All the
interferograms are co-registered to the same master image, using the same digital elevation
map (DEM). Multi-looking was only applied to the ALOS-2 images (averaging the phase to the
neighbouring pixels) to reduce noise between neighbouring pixels. For multi-looking the range
and azimuth spacing is 25.74 and 27.45 m, respectively, which produces a similar pixel size to
the 30 m DEM.
5.4.2.1 ALOS-2 processing
After the ALOS-2 interferograms were generated, they were filtered and unwrapped using a
minimum cost flow algorithm and Delaunay triangulation (e.g Wegmuller et al., 2002; Costantini
and Rosen, 1999). The tropospheric contribution from each interferogram phase signal is obtained
through the Generic Atmospheric Correction Online Service for InSAR (GACOS) web service
(Yu et al., 2018c). This data uses the weather model with data of temperature, pressure and
water vapour information from the European Centre for Medium-Range Weather Forecasts
(HRES-ECMWF) to generate an iterative tropospheric decomposition model that separates the
tropospheric turbulence from the elevation dependent signals with a resolution of 90 m. The
unwrapped interferograms were corrected for the tropospheric component of the atmosphere from
GACOS. Then a bi-linear ramp was calculated and subtracted to reduce ionospheric contributions
that are expected at this latitude (8 to 11°) due to the wavelength of the radar sensor in ALOS-2
(Fielding et al., 2018). The consecutive interferograms were stacked and averaged to further
reduce the time-independent random noise and reinforce the displacement signal (Figure 5.5).
5.4.2.2 Sentinel - 1A processing
Due to the high decorrelation expected in this area for S1 SAR images, and because there are
a high number of images available (two times more images than for ALOS-2), the S1 data
was processed using the multi-temporal methods. These multi-temporal techniques use data
at the highest possible resolution to enable the identification of isolated pixels surrounded
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by decorrelated pixels. For this reason the interferograms were processed at single-looks, as
multi-looking degrades the resolution and adds more scatters to the resolution elements.
The multi-temporal methods applied here are Persistent Scatterers (PS), Small Baselines (SB)
and the combination of both methods (PS + SB), using the software package “Stanford Method
for Persistent Scatterers” (STAMPS/MIT) (e.g., Hooper et al., 2012; Hooper, 2008). For this study,
only one burst (∼ 2100 km2) of the SAR images was used to generate the interferograms, because
of the small size of the region of interest. For both PS and SB, the single burst interferograms
were divided into 7 columns and 2 rows of patches, each of 950 lines of 3690 samples (∼ 260
km2). For the phase unwrapping, Stamps uses a 3D approach based on the “statistical-cost,
network-flow phase unwrapping" (Snaphu) algorithm (e.g., Hooper, 2010; Chen and Zebker,
2002).
For PS, the master date is 2015-05-08, and to pre-select persistent scatterers an amplitude
threshold of 0.5 was used. The network of interferograms is composed of pairs of 24 or 48 days, in
order to mitigate the effect of decorrelation in time (e.g., growing vegetation), as S1 interferograms
are easily decorrelated at this latitude (Funning and Garcia, 2018), so a small temporal baseline
was preferred. In this method, the pixels are selected based on the spatial coherence, and then
the interferograms are unwrapped using the same 3D approach used for PS. Finally, the phase is
inverted to obtain a time series of the phase change at each interferogram using least-squares
minimisation. The deformation and atmospheric signals are then separated by filtering in time
and space as in the PS method (Hooper et al., 2012).
For SB, most of the parameters were similar to those selected for PS as the dataset uses the
same SAR images and covers the same area. For the amplitude of dispersion, the threshold used
for PS is 0.5 which is smaller than for SB 0.6 as recommended by Hooper et al. (2007) because
in PS a single master is used and SB uses multiple master images. Another difference in the
parameters is the maximum spatial density of pixels, which is 6 km in SB, is smaller than in PS
(20 km), as SB uses a group of elements for the pixels rather than a single scatterer as in PS. For
the weeding standard deviation threshold and for the filter grid size, the same threshold 1.5 and
60 m, respectively is used for both methods. Also, for both PS and SB the ramp was calculated in
a preliminary unwrap for each interferogram and then subtracted before the final unwrapping.
A third processing method was used for S1 data, where the selected pixels for PS and SB
are combined before unwrapping the phase. In the case of a pixel selected by both methods, a
weighted mean is calculated with the SNR for each pixel, and then the phase is then corrected
using the spatially uncorrelated look angle error calculated in previous steps. The combination of
the selected pixels in both methods is performed to maximise the reliability of the unwrapped
phase. After combining the pixels the data is treated as in SB because the unwrapping method





5.5.1 ALOS-2 data analysis
The coherence of the five ALOS-2 interferograms generated varies from 60 to 96%, where the
interferograms with 84 day temporal baseline have >93% coherent pixels, and the interferograms
with more than 113 day temporal baseline have <70% coherent pixels (Figure 5.3, Table 5.1).
The GACOS tropospheric contributions are between ∼ 4 to ∼ 9 cm, and the bi-linear ramps
calculated for each interferogram are between ∼ 3.4 to ∼ 11.0 cm over a 15.5 km distance. Both,
the tropospheric contribution and the bi-linear ramp are subtracted before obtaining the average
stack and the velocity map (Figure 5.5 - A). After the atmospheric contributions were subtracted,
the root mean square (RMS) was calculated for each interferogram and to the averaged stack
(Table 5.1). The RMS range between ∼ 1.8 to ∼ 4.3 cm for the individual interferograms and ∼ 0.8
cm for the averaged stack.
All the interferograms show displacement over the area of the geothermal field. The location of
the peak displacement in each interferogram is the same for all the periods of observation, which
is near the extraction wells and at building PP (Figure 5.3). The direction of the displacement
at the geothermal field was uplift between April and September 2015, then subsidence from
September to April 2016 and then again uplift from April to October 2016 (Figure 5.3 - A to E
and Table 5.1).
Table 5.1: ALOS-2 interferograms from Figure 5.3,coherence, atmospheric contributions, RMS,
geothermal power plant liquid extraction and displacement measured for the building PP (Unit 1
& 2).
Interferogram Days Coh(%) Tropo(cm) Ramp(cm) rms(cm) Extract(kt) LOS(cm)
20150409-20150910 154 60 ∼ 9.0 ∼ 9.0 2.8 110 4.3
20150910-20160114 126 65 ∼ 7.7 ∼ 3.4 1.8 108 −2.8
20160114-20160407 84 93 ∼ 3.9 ∼ 11.1 3.3 118 −3.4
20160407-20160728 112 67 ∼ 4.3 ∼ 4.1 4.3 115 6.6
20160728-20161020 84 96 ∼ 7.0 ∼ 3.6 2.0 111 3.9
Average stack 560 76 - - 0.8 563 1.7
The displacements at the building PP (Units 1 & 2 at Lat. 10.693°, Lon. −85.187°), are shown
in Figure 5.5 - B and Table 5.1. The period of subsidence had a total displacement of ∼ 6.2 cm,
from September 2015 to April 2016. The highest period of uplift occurred from April 2016 to
October 2016 with a total displacement of ∼ 10.5 cm towards line of sight (LOS) of the satellite.
After converting the satellite LOS to vertical, the maximum uplift is ∼ 7.7 cm and ∼ 4.5 cm of
subsidence.
In order to compare the deformation to the daily activity of the power plant, an average of the
extraction and injection was calculated over the time period of each interferogram (Figure 5.4). As
each interferogram has different number of days between images and the rates change daily, the
average was preferred rather than the total amount of fluids during each period. The information
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Figure 5.3: Five ALOS-2 unwrapped interferograms and the averaged stack of the 6 SAR images
between April 2015 to October 2016, with tropospheric corrections using GACOS, and the
seismicity during each period (grey dots). The black dash lines are the inferred faults in the area,
where FG: represents the location of the Fortuna Graben. The main production energy buildings
are shown as PP for the “Unit 1 & 2”, and U5 for the “Unit 5”. The pink dash line in C, D and E is
the contour line for the South Guayabo “SG” deformation signal.
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then is used to compare the geothermal production activity to the geodetic observations of ground
displacement.
Figure 5.4: Daily average extraction and injection rates during each S1 interferogram intervals.
The injection rate during the period of observation is maintained stable and in the contrary,
the extraction had larger variations, especially between July 2015 and January 2016. The data
shown in this figure was provided by the electricity company (ICE).
Comparing the time series of displacement to the rate of the extraction, a rough correlation
can be made at building PP and at U5, but with larger magnitudes at PP (Figure 5.5 - B vs D).
However, the temporal resolution of the ALOS-2 data is poor, and the temporal relationship to
the power plant activity is briefly summarised here, but discussed in more detail in section 5.5.2
using Sentinel 1 data. Starting in April 2015, the extraction rate was over 115 kt per day, and
it decreased shortly after the first image till September 2015. During this period of decreased
extraction, the area over the geothermal field showed uplift of ∼ 4.3 cm. From September 2015,
the extraction continued decreasing till December 2015. The extraction had the highest increase
in January 2016 with over 120 million kg per day before the third acquisition. During this period
of high extraction subsidence of ∼ 2.8 cm occurred and continued by the fourth image till April
2016. The extraction rate was continually reduced after February till the end of this study and
the area over the geothermal field showed continued uplift.
The shape of the displacement signal is best illustrated using the stacked data (Figure 5.5 -
A). The elongated deformation pattern is ∼ 9.0 km in length in a NS direction, and ∼ 2.0 km in
width. The extraction wells are located near the centre of the signal and the injection wells along
the South and West of the signal border (displacement ∼zero cm) (Figure 5.5 - A). Two profiles are
drawn P1-P1’ and P2-P2’ across the signal in order to show the location of the displacements at
the centre of the elongated shape pattern and that which decreases away from the centre (Figure
5.5 - C). The profiles show the location of the wells along the deformation axis. The deformation
is more evident in the profile P2-P2’, which crosses the deformation on the short axis with a
direction SW-NE. A spatial relation is observed between location of the uplift of the averaged
stack and the location of both the extraction (red triangles) and injection (blue triangles) wells.
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The anomalous pattern labelled “SG” (for South Guayabo) in Figures 5.3 - C D and E and
5.5 is observed to the South of the Guayabo town at Latitude 10.68° and Longitude −85.23°
which has an area of ∼ 2.8 km2 (Figure 5.5 - and in Figure 5.3 - C D and E). This signal is
very evident in two consecutive interferograms that share a SAR image, April 7 2016. The first
interferogram with the signal (20160115 - 20160407, Figure 5.3 - C) shows a displacement of
∼ 4.9 cm towards the LOS and the following interferogram (20160407 - 20160728, Figure 5.3 -
D) shows a very similar pattern shape with an opposite sign and a magnitude of ∼−8.4 cm in
the LOS (Figure 5.3). The presence of this signal in two consecutive interferograms that share a
date, suggests it is an atmospheric artefact (e.g., Massonnet and Feigl, 1995). However, a similar
signal is also observed in a third interferogram (Figure 5.3 - E) with a small displacement of 4
cm away from the LOS of the satellite and in the stack which suggests it may be deformation
(Figure 5.5 - A). In the period of subsidence of this signal (From April to July 2016), a Mw 3.6
earthquake occurred at 4 km depth, at the East edge of the signal. As the signal away from the
LOS appears on the interferogram in which the Mw 3.6 earthquake is recorded, it is possible that
the region is showing poro-elastic relaxation triggered by the event, as seen at South Iceland
Seismic Zone (e.g., Decriem and Árnadóttir, 2012), and at El Mayor Cucapah earthquake in 2010
Baja California (e.g., Gonzalez-Ortega et al., 2014).
5.5.2 Sentinel 1 data analysis
The multi-temporal analysis of the S1 data is performed with 18 interferograms for the PS
methodology (Figure 5.6 - A) and 33 interferograms for SB (Figure 5.6 - B). The interferograms
were not multi looked or filtered, which means that each image has considerably fewer available
coherent pixels than the ALOS-2 interferograms (Figure 5.6 - C and D). Fifteen of the SAR images
have perpendicular baselines <100 m, and three dates in 2016, January 27, July 13 and August
30 have baselines >100 m (lines 23, 29 and 33, in Figure 5.6 - B).
Processing with the PS method resulted in 7879 selected stable pixels, while for SB 4865
were selected and for the combined PS and SB method resulted in 7551 stable pixels, some
of which were selected by both methods. The difference in the quantity of pixels is due to the
type of scatterers, where in PS the scatterers are selected on a pixel by pixel basis, and in SB
the scatterers can be a group of pixels with the same characteristics. Also the difference in the
number of scatters is due to the threshold of the random phase density parameter, which in SB is
5 km and in PS is 20 km. All the three methods have poor coverage over the extraction wells,
and better coverage over the injection wells and at building U5 (Figure 5.7). The coherent pixels
are predominantly in the bare areas and around the Guayabo caldera, whereas the Guayabo
and Fortuna towns have few coherent pixels (see Figures 5.6 - C and 5.7 - A, B and C). It is
qualitatively evident that the PS method produces a more uniform distribution of scatterers over
the area than the SB method (Figures 5.7 A and B).
The displacement obtained with the three multi-temporal methods at an extraction well (at
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Figure 5.5: ALOS-2 displacement results. A- Average of the stack of the five interferograms. The
pink contour line is to outline the signal at the South of Guayabo (SG). B- Displacements in time
from the individual interferograms of the main power plant building (PP) is shown in a purple
line, and at Unit 5 (U5) with an red line. C- Profiles of displacement in A, the red triangles shown
are the location of the extraction wells and in blue the injection wells. D- Daily extraction rates
(grey dash line) and the moving average per day (purple line).
Lat. 10.6974°, Lon. −85.1862°) close (<∼ 0.9 km) to the PP building are shown in Figure 5.7 -
D. The displacements were divided into four periods: Period 1 from May 2015 to October 2016,
Period 2 from October 2015 to January 2016, Period 3 from January to May 2016 and Period
4 from May to October 2016 (Table 5.2). The SB time series (blue line) shows small variations
(<1 cm) in period 1 and between August and October an uplift of ∼ 1.5 cm occurred. In period
2, the subsidence occurred until, Period 3 where the time series shows uplift with the peak in
May 2016, and then a subsidence trend during period 4. The PS time series (red line) shows both
uplift and subsidence in period 1. Uplift of almost 2 cm occurred in period 2, and in period 3
the displacements were small (<1 cm) until a sudden uplift occurred in May 2016 before Period
4. Finally, in period 4 gradual subsidence occurred till July, then a sharp subsidence of ∼ 4 cm
September and then uplift till the end of the time series. The combined method shows less
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Figure 5.6: Multi-temporal methods baseline plots for Sentinel 1 acquisitions at Dr. Alfredo
Mainieri Protti Geothermal Field between January 2015 to January 2017, and examples of
ALOS-2 and Sentinel-1 interferograms. A- shows the interferograms used for the persistent
scatterer (PS) method. B- shows the interferograms used for the small baselines (SB) method. C
and D are the same Single Look Complex (SLC) images from the first two dates used in this study,
20150508 and 20150601, with 24 day temporal baseline and 85 m perpendicular baseline. C-
Interferograms with no multi looking or filtering. D- is with multi looking in range and azimuth.
variation in the direction of motion than PS and SB methods. This combined method shows
uplift in period 1 of ∼ 3 cm, subsidence in period 2 of ∼ 2.5 cm, uplift in period 3 of ∼ 3 cm and
subsidence in period 4 of ∼ 3 cm. The standard deviation of the displacement is for SB 1.4 cm, 1.3
cm for PS, and 1.1 cm for the combined method.
Comparing the multi-temporal methods, the PS time series (red line) and SB (blue line) time
series of displacement do not show the same direction of the displacement on the different dates.
The SB values of displacement are bigger than the PS values, and the biggest difference is of
∼ 4.9 cm occurs on August 6, 2016. Considering they analyse the same dates, the difference can
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Figure 5.7: Mean velocity plots for S1 multi-temporal processing methods (A, B) and their
combination (C). A- Small Baselines, B- Persistent Scattering, C- Combined PS and SB, D-
Displacement of the main generation building for the three methods in A (blue line), B (red line)
and C (yellow line), E- Daily extraction rates (grey dash line) and the average extraction during
each S1 interferogram (blue line), the overall trend of extraction (red line) and the daily moving
average (purple line). FG: represents the location of the Fortuna Graben, PP: the main energy
generation building “Units 1 & 2”, and U5 is the location for “Unit 5”.
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Table 5.2: Approximate displacements at the main generation building from the three S1 multi-
temporal methods the displacement from the LOS to vertical.
Period Days PS (cm) SB (cm) Combined (cm)
1 5 May - 29 Sept 2015 144 −1.5 2.1 3.0
2 29 Sept - 27 Jan 2016 120 0.9 −3.8 −2.7
3 27 Jan - 26 May 2016 120 3.2 6.8 3.3
4 26 May - 23 Sept 2016 120 −1.3 −4.6 −3.1
Mean velocity (cm/yr) 530 1.0 1.4 0.5
Standard deviation (cm) 530 1.3 1.4 1.1
be due to larger decorrelation between the PS interferograms as the master image is the initial
date of the study, and the temporal baseline increases in time. While comparing the time series
results of the SB displacements (blue line) with the combined PS and SB time series (yellow
line), it is observed that they both show a similar pattern, with the same direction of motion. The
similarities can be because SB and Combined PS and SB follows the same processing path. The
maximum difference between the combined method and SB is ∼ 2.3 cm on May 02, 2016, but
showing the same direction of motion.
The displacement behaviour over the 530 days between the 19 images is not linear over time,
in contrast, it shows intermittent periods of uplift and subsidence. By separating the deformation
from peak to peak uplift and subsidence, it can be recognised that every ∼ 120 days a change in
direction of motion occurred with a magnitude of near to ∼ 3 cm (see Table 5.2, Figure 5.7 - D).
5.6 Discussion
5.6.1 Monitoring anthropogenic sources of deformation in Costa Rica.
The Dr. Alfredo Mainieri Protti Geothermal Field is located in the tropics next to a natural
conservation national park. Most structures from the geothermal power plant are surrounded
by vegetation, so providing high resolution geodetic observations using satellite InSAR is a
challenge. For this study, there are no ground based measurements available to compare the
results. Instead, the results were inter-compared and also compared with the extraction and
injection rates and to the recorded seismicity. The ALOS-2 interferograms showed good coherence
from which it was possible to measure a surface deformation pattern with values with a temporal
resolution of no less than 84 days. To be able to corroborate the ALOS-2 results, multi-temporal
time series were calculated using S1 interferograms. This multi-temporal time series had a
better temporal resolution than ALOS-2, which allows better monitoring of the relationship to
anthropogenic activities. It is important to emphasise that the results discussed in this study are




The spatial pattern of deformation is obtained only from the ALOS-2 interferograms which showed
good coherence coverage over the area of interest (>70%). The ALOS-2 stack of interferograms
show a ground displacement pattern with an elongated shape with a NW SE direction of the
major axis of length ∼ 9 km and width of ∼ 2 km. There is no spatial relation between the location
of the deformation signal and the location of the Guayabo caldera rim. However, the pattern
correlates with the location of the geothermal field over the “Fortuna graben” (FG), which is
between the Guayabo caldera and the Miravalles Volcano Figure 5.5 - A). The perimeter of the
pattern towards the South and West coincides with the location of the injection wells (black
diamonds in, Figure 5.5 - A). The towns Guayabo and Fortuna, which are ∼ 3.5 km and ∼ 2.8 km
respectively from the geothermal field building PP, are outside the deformation pattern. In this
sense, the buildings of these towns were not directly affected by the displacements observed at
the geothermal field.
The seismicity recorded has a spatial relation with the ground deformation signal (Figure 5.8).
The epicentres are located within the deforming area, especially at the border of the deformation
or near the wells. It can be inferred that this spatial relation is due to the stress changes on
the Fortuna Graben faults caused by the deformation and geothermal activity triggering the
seismicity.It is important to mention that the injection rates were fairly stable during the time
analysed (Figure 5.2- B), which suggests that the seismicity related to the injection is caused
by the gradual accumulation of strain rather than to sudden changes in injection rates. The
depth of the wells are up to 3 km (Moya et al., 2004; Sánchez-Rivera et al., 2010) and the mean
depth of the recorded seismicity is ∼ 4 km. In consequence, most of the stress change that causes
seismicity is occurring below the depth of the wells.
5.6.3 Temporal pattern
The low number and poor distribution of the stable pixels obtained with S1 meant it was not
possible to obtain the spatial extent of the deformation. However, the number of images available
(19) are well-suited for a multi-temporal time series analysis of the displacement of a few key
points inside the geothermal field area, such as the wells. From the comparison between the three
time series obtained with S1, SB and the combined methods (PS and SB) show the same periods
of uplift (Table 5.2). Comparing the three S1 methods to the ALOS-2 results, it is evident that
the combination of PS and SB methods are comparable in terms of the direction of motion and
magnitudes of displacement (Figure 5.9-A). There is an excellent agreement between the results
in 2015, but in 2016 the final ALOS-2 data points show uplift, which the S1 time series show
ongoing subsidence. This difference may be due to temporal aliasing, where the final date from in
the ALOS-2 interferogram is acquired during a period of decreased extraction. The resemblance
between the combined method to the ALOS-2 results, shows how complementary are the two
types of pixels selected by multi-temporal methods (PS and SB), and how they can be used for the
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Figure 5.8: Seismicity between June 2015 to August 2016, plotted over the averaged stack
interferogram. The epicentres (coloured circles) are mainly located at the border of the displace-
ment pattern or near the wells (diamonds). The colours circles represent the magnitudes of the
earthquakes. Labels: Main builidng (PP) and Unit 5 (U5).
analysis on an area that has significant decorrelation due to vegetation growth and a dynamic
atmosphere.
A difference in magnitude is observed between the results of the two satellites. It may be
due to the different dates used for the generation of the interferograms, and to differences in
atmospheric conditions on each date as the atmosphere is very dynamic and random over time
or due to the filtering and the multi-looking the ALOS-2 data, where the S1 images were not
multi-looked.
The average velocity calculated near the extraction wells for the ALOS-2 stack is ∼ 1.2
cm/yr, slightly faster than the S1, but consistent with a value of ∼ 0.9 cm/yr. This velocity is
positive which means the reservoir shows a positive vertical displacement (uplift) for the period
analysed. However, the displacement patterns observed with both satellites indicate that the
ground deformation is not constant over time, instead it shows a periodic oscillations of uplift and
subsidence, approximately every four months between April 2015 and October 2016 (Table 5.2).
5.6.4 The Dr Alfredo Mainieri Protti Geothermal field ground behaviour
The deformation behaviour observed at the power plant from both satellites is consistent between
April 2015 and January 2016. This behaviour is also comparable to the averaged extraction
rates (Figure 5.9-B), where it is observed that as the extraction rate was reduced from ∼ 114 kt
per day in April to ∼ 102 kt per day in October 2015, the ground showed a ∼ 3 cm uplift. The
extraction rate was then increased, reaching and average of ∼ 110 kt per day in January 2016
and the ground displacement measurements show subsidence of ∼ 2.7 cm in S1 but with a higher
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Figure 5.9: Displacement measurements from Sentinel 1A and ALOS-2. A- shows the individual
and combined SB and PS displacement results and the ALOS-2 displacement results at power
plant building. B- shows the vertical displacement for ALOS-2 and S1 combined vertical dis-
placement. The dashed lines show the dates for ALOS-2 images to compare with the average
extraction for each day with respect to 90 neighbouring dates.
magnitude of ∼ 2.8 cm in ALOS-2). From February till the end of the year the extraction rate
was decreased from ∼ 117 kt per day to ∼ 86 kt per day, with a rapid decrease starting in October.
During this period the results from both satellites varied with small differences between them
due to the number of days and the different atmospheric conditions between images. For example,
the S1A combined results show uplift of the power plant since January until June 2016, which
is consistent with the decreasing extraction rate during this period. In contrast, the ALOS-2
continued the trend of subsiding til April 2016, maybe due to an atmospheric effect on April
2016 or due to the high extraction rates at the beginning of the year (>120 ML) but by the end
of July 2016 both satellites converge. From July until October 2016, the ALOS-2 observations
are consistent with the continued decrease in extraction on the power plant where maintained
uplift was observed. In contrast, the S1 results are not consistent with the decreasing extraction
on the reservoir, and instead it shows subsidence from September to October 2016. A reason
for this last inconsistent result from the S1, could be because the decrease in extraction rate
during this time was low (from ∼ 113 kt per day to ∼ 110 kt per day). Alternatively, it may be
due to the smaller number of images available to derive the displacement for the last dates
of the interferogram network, and the increased temporal baseline for the last interferogram.
Alternatively, the difference could be because the final S1 acquisition occurred before the sudden
decrease in extraction rate, whereas the final ALOS-2 acquisition is after. The overall temporal
correlation between geothermal power plant activity and the periods of subsidence and uplift
suggests there is a direct relation between the extraction and the deformation.
While subsidence is often documented at geothermal reservoirs, uplift is rarely observed. We
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have not found any reported examples of geothermal field studies with alternating periods of
subsidence and uplift, such as the observed at Dr. Alfredo Mainieri Protti geothermal field. In the
Mokai geothermal power plant a study by Hole et al. (2007), showed uplift of ∼ 20 mm between
1999 and 2001 but was permanent. The other example of uplift was observed in the Landau
geothermal power plant where Heimlich et al. (2015), observed an uplift of 5 cm/yr, and 3.5 cm
over a 3 months period that happened in 2013, but caused by the shallow (450 m) reinjection
of fluids at a badly cemented well. In this work, the velocities observed are comparable to the
Laudau geothermal power plant, in terms of magnitude of displacement and in the time in which
the displacement took place. If only the subsidence is considered, then the velocity is similar the
ones observed at Ohaaki, Herber, and East Mesa Geothermal fields at nearly ∼ 3 cm/yr (e.g., Hole
et al., 2007; Eneva et al., 2012).
Reasons that can cause uplift on a geothermal field include recovery of the reservoir by
natural recharge of the reservoir, artificial recharge, an increase in the reservoir pressure from
auto-sealing of fractures such as in Coso Range (e.g., Wicks et al., 2001), or an increase of the
temperature of the geothermal source. As mentioned by Nietzen and Solís (2019) the extraction
rates and production on the Dr. Alfredo Mainieri Protti Geothermal Field power plant have
decreased since 2014, and 83% of extracted fluids are re-injected in a stable manner. Subsidence
is expected in this reservoir because 17% of the extracted material is not re-injected, however, this
study revels that because 1) the injection occurs shallower than the extraction, 2) there is natural
recharge, and 3) there has been a decrease in production for the past years, the ground surface
has presented positive vertical displacement over the geothermal field due to the slow recovery
from the production activity. From verbal communication with personnel of the power plant, the
option of auto-sealing was discarded as the power plant injects a solution to the reservoir to
prevent auto-sealing from occurring.
5.7 Conclusions
5.7.1 Geodetic monitoring
An objective of this study is to test the ability of InSAR to obtain ground deformation in the
geothermal field region. This test is performed with data from two satellites which differ in the
quantity of images available, price of each image and the types of sensors with which they are
equipped. The span of the observations in this study is restricted to a two year period (2015
and 2017) covered by the ALOS-2 images, that were available through the CEOS-Disaster Risk
Reduction Pilot Project and the geothermal power plant data provided by ICE. No ground-based
displacement measurements are available for this geothermal field, therefore the results of the
two satellites are inter compared and they are also compared to the injection and extraction rates
of the geothermal power plant and to the patterns of seismicity.
In this study, we were able to obtain ground deformation measurements from both satellites,
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ALOS-2 and Sentinel-1. Ground deformation is observed in the Fortuna Graben area between
Guayabo Caldera and Miravalles Volcano. The six ALOS-2 images processed generated five
interferograms with good (>70%) coherence (especially the 84 day interferograms). The stack
of ALOS-2 images has a similar deformation pattern as the Sentinel - 1 time series, from
interferograms generated from 19 images. Though the displacement measurements of both
satellites are similar, only the ALOS-2 results were able to clearly define the region of the
deformation, as there were very few coherent pixels in the Sentinel 1 results. However, the
more frequent revisit period of Sentinel 1 allowed better time resolution of the displacements at
particular points (stable scatterers).
The observed displacement pattern is spatially correlated to the area of the geothermal
reservoir. The results showed no ground deformation associated with volcanic or magmatic
sources. The geodetic observations show a relation between the ground displacements and
the extraction of fluids at the power plant and to the seismicity recorded. The NS elongated
displacement pattern (9 by 2 km) obtained with ALOS-2 showed that the seismicity recorded is
located at the border of the deformation region where the strain is higher, or near the wells of the
geothermal power plant. In time, the direction of the displacement changed every ∼ 4 months
with uplift and subsidence of at least 2 cm and were correlated to the rate of extraction over the
periods of each interferogram.
5.7.2 Recommendations
This is the first study to analyse ground deformation using InSAR on a geothermal power plant in
the Central American Region. The two years of analysis showed that the ground deformation can
be monitored in tropical latitudes with both L and C band satellites, depending on the number of
images available for the region and the data processing. This short term study may be used as a
precedent for future studies of historical deformation and for regular monitoring of this and other
geothermal fields in Costa Rica. A long term study is recommended for the Dr. Alfredo Mainieri
Protti geothermal field, in order to obtain the long-term trend and possible seasonal relations
of the geothermal field. Questions of the velocity and source of the reservoir recovery, could be
answered if images become available more frequently. Also, with a larger number of SAR images,
the number of stable pixels can be increased and a higher density of pixels will help corroborate












Through out this thesis, I have studied the tectonics of Central America, with a focus onactively deforming regions that could be studied with InSAR. The key scientific questionsin the region the nature of boundary faults of the Central American Forearc Sliver, and
behaviour of the volcanic centres. Based on a review of the tectonic context, I identified two
deforming areas in Costa Rica to study in this thesis: the 2016 Bijagua earthquake and the
geothermal field at Miravalles. InSAR provides new evidence regarding the extent of the deform-
ing regions, the velocity rate of the deformation, the direction of the motion and characterisation
of the tectonic and reservoir structures.
A limitation for this project is that no ground-based deformation measurements were available
for any of the areas studied, due to the sparse national GPS network. Instead, seismic data and
SAR images from two different satellites were used to inter-compare the results. The seismic
recordings were also used to generate the forward surface deformation models, to then be
compared to the satellite observations, as seen in Chapters 3 and 4. The two satellites used were
ALOS-2 and Sentinel 1, from the Japanese Aerospace Agency and the European Space Agency,
respectively.
The key characteristics of the satellites used in this study, were the repeat pass frequency
and the radar wavelength. The more frequent the images were, the less the interferograms were
affected by temporal decorrelation, (e.g., vegetation growth). The ALOS-2 data set was limited to
a small number of available images (7), but had the advantage that the long radar wavelength
resulted in only small decorrelation (∼ 90% coherent pixels) between images <90 days apart. The
methods used for ALOS-2 were basically individual interferogram analysis with atmospheric
corrections and stacking to further reduce atmospheric noise.
Sentinel - 1 data is available for no monetary cost, and in the Central American region the
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images are acquired more frequently than for ALOS-2. For Costa Rica, the acquisition of images
between the year 2015, and 2016 was at 24 to 48-day intervals, and improved between 2016 to
2019 when it was up to 12 day repeat interval. The disadvantage of Sentinel 1 satellite is this
region, is that the wavelength (∼ 5.6 cm) can not penetrate dense vegetation, which is common in
Costa Rica due to the tropical latitude.
The results from the two satellites were complementary (see Chapter 5), though different
image processing methods are needed for each data set. ALOS-2 data gave high spatial resolution
of the deformation pattern and the Sentinel 1 data enabled high temporal resolution.
To study the deformation from the Bijagua earthquake, we used ALOS-2 to produce a high
spatial resolution deformation map which was used to invert for the distribution of slip on the
fault. The inversion enabled us to characterise the relation between the Caño Negro and Upala
faults, which is a positive flower structure. The Caño Negro strike slip fault triggered aseismic
slip on the Upala reverse fault, explained by a model that links the faults at depth (see Chapter
3). Therefore, from this study, it was possible to describe an active segment of the forearc sliver
boundary fault.
In the case of the geothermal field deformation, the ALOS-2 results showed that the region
around the “Dr Alfredo Mainieri Protti” geothermal field was actively deforming between May
2015 and October 2016. The Sentinel 1 results showed that the field does not have a constant
velocity or even direction of the motion. In contrast, the field experienced periods of uplift and
subsidence every ∼ 120 days. The two data sets were complementary, as Sentinel 1 had a better
temporal resolution, and enabled the results to be inter-compared.
Due to the higher repeat pass frequency of Sentinel 1, it was possible to generate deformation
time-series. The Sentinel 1 results using multi-temporal analysis (Persistent Scattering, Small
Baselines and the combination) enabled velocity rates for the deformation at the geothermal field
that were correlated to the daily averaged extraction rates of the power plant. The comparison
between the ALOS-2 and Sentinel 1 results, showed a good fit between May 2015 to January 2016.
After January 2016, the extraction became more variable and so the time series were affected by
more aliasing.
Finally, I tested the capability of Sentinel 1 to measure co-seismic deformation with the
purpose of starting a national catalogue of the deformation associated with earthquakes >Mw
5.0. The co-seismic interferograms in which surface deformation was measured were those from
earthquakes on the subduction interface, the Mw 6.2 earthquake in November 2017 at Jacó, and
the Mw 6.2 earthquake that occurred in August 2018 at Golfito. It is recognised, that for lower
magnitude or deeper earthquakes it is more difficult to observe deformation on the Sentinel 1





Based on the review chapter of the active tectonic regions other key questions can be studied
using InSAR. Long term key scientific questions that can be addressed using InSAR in the area
are:
1. Characterisation of the inner forearc sliver fault boundary along the Central American
Region.
Multi-temporal time series using Stamps (e.g., Hooper et al., 2004) along the sliver boundary
could be used to characterise the active deforming sectors. The velocity rate for the forearc
sliver is known to vary from the GPS vector studies (see Chapter 2, section 2.2.3). The time
series at points along the fault system boundary can help delimit the location of the boundary
and determine the rate of motion. Other major strike slip faults are known, to show creeping
behaviour (e.g. San Andreas fault, (Jolivet et al., 2015); the North Anatolian Fault, (Karabacak
et al., 2011)) and InSAR would be able to determine whether creep is occurring on this boundary
too. A characterisation of the change in rate can help discover the source of the motion of the
forearc, as this is still an open question in the region.
2. Is there active deformation along the Nicaragua Depression?.
The Nicaragua depression formed in the Pliocene, and was caused by a subducting slab
roll-back. It has been proposed that the Nicaragua Depression (ND, figure 2.6) is no longer
extending as it was during the Pliocene, and that the geologic structures now accommodate right
lateral slip associated with sliver transport (e.g., Funk et al., 2009; Alvarado et al., 2011). We
want to verify if this geologic structure is active, and identify which type of motion it currently
has. As the forearc sliver motion is active (known from GPS studies), InSAR methods should be
able to observe this motion if the vegetation of the area and enough satellite images allow us to
see the deformation.
3. Where is the active deformation concentrated along the diffuse boundary between the
North American and Caribbean plates?
The North American plate boundary with the Caribbean Plate, is a diffuse boundary that
has several steps along a left-lateral strike slip fault system (Polochic - Motagua Faults). The
boundary between these plates has no evident trace to the west of the Polochic - Motagua fault
systems. The area has no current seismic stations installed due to station security and difficult
maintenance in the area. Analysing this region with satellite images can help identify of where
the active trace boundary is located. By using different remote sensing imagery processing
methods such as time series, small baseline, and/or Persistent Scatterer, the active tectonic
areas can be distinguished and would help elucidate the location and nature of the active plate
boundary.
4. Can the deformation on the CCRDB and the NPDB regions be better constrained from
generating strain maps using InSAR?.
The knowledge of active faults is key for reducing risk and improving hazards assessment in
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a region. A strain map could help delimit the active area of the CCRDB (as defined by Marshall
et al. (2000)), and to detect active and unknown faults. A strain map could also help distinguish
if the reverse fault system of NPDB, is causing uplift of the Caribbean coast (i.e. Rockwell et al.,
2010). If good quality interferograms are obtained, the extent of these deformation belts could be
better constrained, and the areas where more stress is accumulated can be also detected.
5. Is there any detectable deformation along the Talamanca Cordillera that can help explain
the earthquake swarms in San Vito and San Isidro?.
Due to the indentation of the Cocos Ridge since the Neogene period the volcanic activity along
the Talamanca Cordillera ceased (e.g., Gräfe et al., 2002). This area has some unexplained swarm
seismicity. A time series of the area could help detect if the area within the Holocene volcanic
gap between Latitude 10° N and 9° N, has any current intrusive activity. Finally, strain mapping












A.1 Historic earthquakes in Central America since 1526 to 2017.
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B.1 Other geothermal power plants.
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